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Figure 1.- Block diagram of a representative heterodyne receiver. 



Figure 2.- Huygen's wavelet model for propagation of the mutual 
intensity function between the antenna and mixer plane. 



Figure 3.- Huygen's wavelet model for propagation of the mutual 
intensity from an extended incoherent source. 
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PREFACE 


The proceedings of the International Conference on Heterodyne Systems and 
Technology held in Williamsburg, Virginia March 25-27, 1980, are reported in 
this NASA Conference Publication. This conference was sponsored by the National 
Aeronautics and Space Administration. 

The conference was the first of its kind, bringing together technologists, 
systems engineers, and applications scientists to exchange technical informa- 
tion on all aspects of optical heterodyning. Topics covered various aspects 
of heterodyning throughout the electromagnetic spectrum including detectors, 
local oscillators, tunable diode lasers, astronomical systems, and environmen- 
tal sensors, with both active and passive systems represented. 

The conference organization consisted of a General Program Chairman, 

Robert H. Kingston of M.I.T. Lincoln Laboratory, and a Program Committee whose 
members are listed for reference elsewhere in these proceedings. The conference 
organizers were Stephen J. Katzberg and James M. Hoell; the conference coordi- 
nator was Patricia Hurt. Conference support was led by Jane T, Everett with 
assistance from Vivian Parrous and Sheila A. Armstrong, all from Langley 
Research Center. 

Use of trade names or names of manufacturers in this report does not cons- 
titute an official endorsement of such products or manufacturers, either 
expressed or implied, by NASA. 


Stephen J. Katzberg 
James M. Hoell 


Conference Cochairmen 




FOREWORD 


Robert H. Kingston 

Lincoln Laboratory, Massachusetts Institute of Technology 
Lexington’, Massachusetts 02173 


heterodyne - (hetero + dyne) - separate force 
superheterodyne - (super (sonic) + heterodyne) 


To introduce the proceedings of this conference, it is interesting to 
review the origin of the above two words and trace the early history of hetero- 
dyne systems up to the first optical heterodyne experiment of 1955. The story 
begins in 1 902 with the issue of a patent to Fessenden with the simple title. 
Wireless Signaling (1 ) . The invention was the concept of transmitting two 
separate radio frequencies, receiving the same on two separate antennas and 
mixing the two to produce an audio frequency. The "mixer" in this case was an 
iron-core coil driving a telephone diaphragm, and the deflection was proportional 
to electrical power , thus yielding acoustic output at the difference frequency. 

A curious and ironic phrase in the patent reads: "By the term 'electromagnetic 

waves' as used herein is meant electromagnetic waves long in period compared 
with that are called 'heat-waves' or 'radiant heat'." 

It is not clear when the term "heterodyne" was coined, but we find a paper 
by Hogan (2) in 1913 with the title "The heterodyne receiving system, and notes 
on the recent Arlington-Salem tests." One section of this paper is particu- 
larly significant as it reads, "It is evident that an economy may be brought 
about by transmitting only one wave and generating the second frequency at the 
receiving station." And thus came the birth of the local oscillator; "The 
heterodyne. .. is seen to consist of a standard receiving set associated with a 
local generating circuit by means of an inductive coupler. The generator G may 
be an alternator ... which is a 2 K.W. machine capable of generating frequencies 
up to 100,000 cycles per second." This is probably a record value for local 
oscillator power, radio or optical. Unfortunately, this first heterodyne system 
was adequate for c.w. or Morse code signals, but seriously distorted voice 
communications . 

The next step in the development of the heterodyne technique was taken by 
Armstrong, later the inventor and developer of f.m. broadcasting. During World 
War I, as a member of the U.S. Army Signal Corps, he devised a technique for 
receiving and separating signals over a wide range of radio frequencies using a 
modification of the heterodyne principle. To quote from his 1921 paper (3): 

"This expedient consists in reducing the frequency of the incoming signal to 
some predetermined super-audible frequency which can be readily amplified, 
passing this current through an amplifier, and then detecting or rectifying the 
amplified current." Thus came the super heterodyne, super sonic being the pre- 
jet age version of ultrasonic. In a technical discussion still valid today, 
Armstrong points out the difficulties of r.f. amplification (poor vacuum tube 
amplifiers) and the difficulties of audio amplification (poor local oscillator 
stability and high tube noise at audio frequencies). Armstrong's invention was 
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in response to the problem which he proposed at the beginning of this paper ; 

"The problem may be summed up in the following words — to construct a receiver 
for undamped, modulated continuous, and damped oscillations which is substan- 
tially equally sensitive over a range of wavelengths from 50 to 600 meters, 
which is capable of rapid adjustment from one wave to another, and which does 
not distort or lose any characteristic note or tone inherent in the trans- 
mitter." By this time, the mixers were diode rectifiers or vacuum tubes and, 
since the early thirties, the superheterodyne has been the standard method of 
radio wave reception. 

The next two steps which led to the development of heterodyne systems from 
the sub-millimeter to the visible occurred in 1955 and 1960. First, Forrester, 
Gudmundsen, and Johnson (4) demonstrated photoelectric mixing of the Zeeman com- 
ponents of a mercury emission line thus establishing the feasibility of optical 
heterodyning. Then, in 1960, Maiman (5) gave the first demonstration of optical 
maser or laser action, thus giving promise of a local oscillator and mixer which 
in Armstrong's words could "reduce the frequency of the incoming signal to some 
predetermined super-audible (1) frequency which can be readily amplified." 

The papers in these proceedings take up the story from there. The applic- 
cations are of course much broader than simple signal reception and include 
spectroscopy, radiometry, communications, and radar. The critical technologies 
are the design and fabrication of local oscillators and detectors. We are all 
indebted to the staff of NASA Langley Research Center for initiating and orga- 
nizing the conference and for the preparation of these proceedings, the first 
such work devoted exclusively to the exciting field of heterodyne systems at 
really short wavelengths. 
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n-p (Hg.Cd)Te PHOTODIODES FOR 
8-14 MICROMETER HETERODYNE 
APPLICATIONS 


J.F. Shanley and C.T. Flanagan 


Honeywell Electro-Optics Center 
2 Forbes Road 

Lexington, Massachusetts 02173 


ABSTRACT 

This paper presents experimental results describing the dc and CO 2 laser 
heterodyne character! sti cs of a three element n'^'-p Hg 0 .eCd 0 . 2 Te photodiode array 
and single element and four element n'’'-n"-p Hg 0 .eCd 0 . 2 Te photodiode arrays. The 
measured data shows that the n'''-p configuration is capable of achieving 
bandwidths of 475 to 725 MHz and noise equivalent powers of 3.2 x 10"^°W/Hz at 
77 K and 1.0 x 10“^^W/Hz at 145 K, The n'^-n'-p photodiodes exhibited wide 
bandwidths (-'2.0 GHz) and fairly good effective heterodyne quantum efficiencies 
(^13-30% at 2.0 GHz). Noise equivalent powers ranging from 1.44 x 10"^^W/Hz to 
6.23 X 10“^°W/Hz were measured at 2.0 GHz. 


263 



INTRODUCTION 


Infrared heterodyne detection as a means of detecting weak signals is use- 
ful in many systems applications, such as remote sensing, communications, 
optical radar range finders, battlefield surveillance, velocity and turbulence 
measurements and infrared astronomy. Infrared heterodyne receivers which util- 
ize (Hg,Cd)Te photodiodes in a 10.6um CO 2 laser heterodyne application have been 
developed for use in these systems. There are two (Hg,Cd)Te photodiode struc- 
tures which have been designed to meet the needs of various heterodyne applica- 
tions: the n^-p photodiode and the n^-n~-p photodiode. 

The n'''-p (Hg,Cd)Te photodiode structure was initially designed for use in 
direct detection systems, and hence, the device detectivity has been opti- 
mized.^”^ There are a number of CO^ laser heterodyne system applications which 
reguire moderate bandwidths ('-500 MHz) and elevated temperature operation 
(T > 120 K). The n -p photodiode structure is optimum for elevated tempera- 
ture operation since it is capable of attaining fairly low saturation currents. 

It is very difficult to operate n^-n"-p (Hg,Cd)Te photodiodes at tem- 
peratures greater than 110 K due to the low carrier concentration (near intrin- 
sic) contained in the n”-layer. However, the advent of techniques for ultra- 
wideband modulation of CO^ laser transmitter signals and the requirement to 
handle large Doppler frequency offsets has created the need for extending the IF 
bandwidth performance of infrared receivers to at least 2.0 GHz. The n^-n”-p 
(Hg,Cd)Te photodiodes are ideally suited for such applications since they are 
capable of attaining large IF bandwidths. 

This paper presents results pertaining to the two diode structures. The 
n^-p photodiode attained heterodyne signal frequency response of 475 - 675 MHz 
at a temperature of 145 K. Also, the n -n -p photodiode demonstrated band- 
widths of 2000 MHz when operated in a heterodyne mode at a temperature of 77 K. 
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HETERODYNE FIGURE OF JtRIT 


The noise equivalent power (NEP) offers a very convenient figure of merit 
for evaluating the heterodyne performance of a (Hg,Cd)Te photodiode. The NEP is 
defined as the incident signal power that must be detected in order to give a 
signal-to-noise ratio (SNR) of 1.0 in a bandwidth of 1.0 Hz. The NEP per unit 
bandwidth for an n-p (Hg,Cd)Te photodiode is given by the following expression: 


NEP 

B 


hv 

nq 


1 + 


ISAT ^ 2K(Tm + Tip) 
IlO <]IlO 


(■ 


0d(1+0[)Rs) + w^C^Rs 1^ (1) 


where Ilq -js the laser local oscillator induced current which is related to the 
incident laser power through the expression: 


hv 

Ilo = — PlO' 
nq 


( 2 ) 


where h is Planck's constant, v is frequency, q is the electron charge, 
and n is the dc quantum efficiency. 

The last two terms in equation (1) establish the criteria for determining 
the trade-off between the fractional degradation in NEP as a function of the 
local oscillator power, using the following quantities as parameters: 

• The device equivalent circuit parameters (Gq the shunt conduct- 
ance, Rg the series resistance, and Cp the junction capaci- 
tance) , 

• The photodiode saturation current (I$At)» 

• The physical temperature of the photodiode (Tf/i), 

t The device quantum efficiency (n), 

• The IF preamplifier characteristics (Tjp the equivalent pre- 
amplifier noise temperature). 
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It is instructive to recast equation (1) by defining a minimum detectable 
signal power P^-jn = hv/nq, an available thermal noise power, 

Pth = '«<(Pni + Tif)B 


and an available shot noise power. 


Psh = 2qlLoB/(Go (1 + GdRs) + 


The NEP can then be written as: 


NEP 

“b~ 


Pmin ( ^ 


ISAT , Pth 
ILO 


.^thX 

Psh^ 


(3) 


In order for the NEP to approach the theoretical limit (Pmin) the photo- 
diode must be operated under the following conditions: 


1. Ilo » ISAT 

2* Psh Pth 


For the best heterodyne detection sensitivity, the local oscillator induced 
current (Ilo) ’’s fixed so that the shot noise dominates the thermal noise and 
the photo-induced current dominates the saturation current so that: 


NEP 

— ~ Pmin “ 


hv 

nq 


(4) 


Under these conditions the device sensitivity is only limited by the dc quantum 
efficiency. In reality it is very difficult to adjust the incident local oscil- 
lator so that it completely dominates the shot noise and the saturation 
current. Therefore, the observed NEP is 

NEP _ hv 

X ■ 

where the effective heterodyne quantum efficiency includes the effects 

contributed by the bracketed term in equation (1). The effective heterodyne 
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quantum efficiency is, thus, a figure-of-merit which describes quantitatively 
how closely a given infrared heterodyne receiver (i.e., the (Hg,Cd)Te photodiode 
and amplifier combination) approaches the maximum theoretical efficiency, 
i.e., riEH “ which corresponds to the quantum noise limited NEP of 
1.87 X 10“^° W/Hz at a wavelength of 10.6 micrometers. 

The (Hg,Cd)Te photodiode device parameters (IsAT»®D»^S> C[))are 
also very important quantities which must be considered in order to optimize the 
effective heterodyne quantum efficiency. The ideal (Hg,Cd)Te heterodyne photo- 
diode is one in which the thermally generated detector noise is minimized. This 
means that the saturation current must be limited to very small values by 
choosing the (Hg,Cd)Te material with the longest possible minority carrier life- 
time and the detector configuration with the smallest volume for thermal genera- 
tion of electron-hole pairs. Thus, if the saturation current is minimized then 
moderate levels ( ~500 microwatts) of local oscillator power are required to 
overcome the effects of the thermally generated detector noise (Isat)* 

Finally, it is noted that the laser induced shot noise power is dependent 
upon the photodiode shunt conductance, series resistance, and junction capaci- 
tance. The maximum shot noise power is obtained when the device possesses a low 
series resistance (>^5 to 10 ohms), a low capacitance (>^1.0 to 2.0 pF) and a 
low shunt conductance ('- 1.0 X 10“^ to 2 X 10"^ mhos). Therefore, in designing 
the best n-p (Hg,Cd)Te photodiode structure it is necessary to reduce the ther- 
mal noise contribution to as low a value as is possible and to minimize the 
Gq, R 5 , and Cq parameters. 

THE n^-p Hg^.gCdp.^Te PHOTODIODE 

The n^-p photodiode structure possesses low saturation currents because 
the doping levels in the n and p regions are chosen such that the width of the 
depletion region is reduced. This, in effect, minimizes the generation- 
recombination current contributed by the depletion layer. The thermal diffusion 
current from the n-region is minimized by fabricating a fairly thin n'''-layer 
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(0.3 to 0.7 micrometers). Therefore, the p-region is the primary source of the 
saturation current. Reducing the volume of the p-region will also help minimize 
the thermal diffusion current from the p-side. The bandwidth of the n^-p 
photodiode is determined by the lifetime of the minority carriers (electrons) 
diffusing to the junction from the p-region. This implies that the bandwidth of 
the n^-p device will be smaller than the n^-n"-p device since the band- 
width of the n^-n"-p device is RC limited and the primary collection 
mechanism is due to the electric field in the depletion region. However, in 
order to achieve (Hg,Cd)Te photodiodes that are capable of high sensitivity 
heterodyne detection at elevated temperatures, one must pay the penalty of loss 
in bandwidth. 

Planar processing techniques were used to fabricate the n^- junctions on a 

16 _3 

substrate of copper doped p-type (N/\ ^ 2.0x10 cm ) Hg Cd Te. The 

4- 183 U*oU*^ 

high carrier n layer (Nq 1.0x10” cm” ) was achieved by the ion 
implantation of boron, a slowly diffusing donor species, into the p-type sub- 
strate. A double boron ion implantation was employed to achieve n -junction 
depths of approximately 0.3 to 0.7 micrometers. The ions were implanted into 

photolithographically defined areas and the wafers were then subjected to 
post-implant thermal anneals. The anneals, which reduce implant induced damage 
that will mask the electrical activity of the impurity species, were per- 
formed in a reducing atmosphere of forming gas at temperatures ranging from 125 
to 175°C with durations of one to three hours. 

Front and backside contacts were made subsequent to the post-implant 
anneals. A thin gold layer was used for the backside contact. Upon completion 
of the fabrication procedure, the (Hg,Cd)Te wafer was then diced into chips 
which were then individually affixed to a high frequency mounting structure. 

The characterization of the n^-p photodiode is made through the use of dc 
characteristics (I-V characteristics, spectral response, and capacitance-voltage 
measurements) and shot noise and blackbody heterodyne radiometry measurements. 
The data obtained from these measurements is presented in Table 1. 
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I 


The current-voltage (I-V) characteristics of the n‘'‘-p Hgo. 8 Cdo. 2 Te 
photodiodes were measured at 77 K and 145 K. The devices exhibited forward 
resistances of approximately 20 to 40 ohms at both temperatures, and the zero 
bias resistance was found to vary from 75 to 7000 ohms at 77 K, while at 145 K 
the zero bias resistance ranged from 30 to 250 ohms. The breakdown voltage, 
defined to be that voltage at which 1.0 m/\ of excess reverse current flows in 
the junction, varied from approximately 0.20 to 0.75 volts at 77 K and from 0.06 
to 1.30 volts at 145 K. Figure 1 shows the current-voltage characteristic of 
element one of the three element array. Spectral response measurements revealed 
that the photodiodes possessed cutoff wavelengths of approximately 10.31 to 14.1 
micrometers and 8.89 to 11.4 micrometers at 77 K and 145 K, respectively. 

Blackbody measurements were performed at a frequency of 1.0 kHz to measure 
the dC quantum efficiencies of the devices. The result of these measurements 
are shown in Table 1. The devices are seen to exhibit dC quantum efficiencies 
ranging from 73% to 78%. 

Capacitance-voltage measurements were performed on the three elements of 

the array; the results of the measurements on element one are shown in Figure 2, 

2 

where a graph of 1/C versus the reverse bias voltage at 77 K is presented. 
The straight line plot reveals that the n^-p junction is abrupt (i.e. 

Nd>>N/\). The net acceptor concentrations in the p-regions of the array were 

16 16 3 

determined from the line slopes to vary from 1.0x10 to 3.1x10 cm” . 

This result is consistent with the initial copper concentration 

16 3 

(N/\ 2.0x10 cm” ) that was introduced during the growth of the p-type 

Hgo. 8 Cdo. 2 Te. In addition. Hall measurements performed at 77 K yielded 

acceptor concentrations of approximately 1.5x10 to 3.4x10 cm” . 

Shot noise and blackbody heterodyne radiometry techniques were used to 
measure the n^-p photodiode's frequency response and noise equivalent power 
(NEP) .1 »2>6,7 ji^g measurements were made with a low noise wide bandwidth 

preamplifier which possessed a net gain of approximately 35 dB, a noise figure 
of 2.5 dB, and a bandwidth of 5 to 1000 MHz. The shot-noise frequency response 
was measured by illuminating the photodiode's active area with sufficient chop- 
ped CO^ laser power to overcome the thermal noise. The shot noise spectrum 
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was determined by slowly scanning a spectrum analyzer over the induced shot 
noise and synchronously detecting the chopped signal by connecting a lock-in 
amplifier to the vertical output of the spectrum analyzer. 

The measured shot noise frequency response of the n^-p photodiode array 
ranged from 581 to 820 MHz for incident CO 2 laser power levels of 175 to 300 
microwatts at 77 K and 145 K. The response did not vary as a function of device 
temperature. 


The heterodyne frequency response and sensitivity (represented by either 
the noise equivalent power, NEP, or the effective heterodyne quantum efficiency, 
were measured using the experimental configuration illustrated in 
Figure 3. A blackbody source (T = 1000 K) beats against the CO^ laser local 
oscillator source. The local oscillator power is adjusted so that the shot 
noise dominates the thermal noise in the receiver. By measuring the signal-to- 
noise ratio (SNR), the effective heterodyne quantum efficiency can be calculated 
from the following expression; 


SNR=2^EH(Bt)^X 


^BB . ^r 

exp(hv/kTBB) -1 exp(hv/kTp) -1 


( 5 ) 


where x is the post detection integration time, B is the IF bandwidth, x is the 
optics transmission factor, Tbb and Tp are the blackbody and reference tem- 
peratures and ebb ^r S'”® emissivities of the blackbody and refer- 

ence. 


Figure 4 presents the heterodyne frequency response for element one 
measured at 145 K. It is seen to be flat to approximately 600 MHz. The right 
side of Table 1 presents a summary of the heterodyne properties of the three 
element n^-p photodiode array. It also lists the operating points (i.e., 
reverse bias voltage, capacitance and dark current at the bias voltage, and 
incident CO 2 laser power) at which the heterodyne measurements were made. The 
data clearly indicates that it is possible to operate the n^-p photodiode in 
the heterodyne mode and to obtain moderate bandwidth (475 - 725 MHz) and fairly 
good sensitivities, n£H~58% and tib^^~ 19%, at 77 K and 145 K, respectively. 
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THE n'^n"-p (Hg^.gCdQ.^Ke PHOTODIODE 


The n-i-p photodiode is the optimum (Hg,Cd)Te device structure for use as a 
high speed, i.e., wide bandwidth, CO^ laser heterodyne detector of infrared 
radiation. The device consists of a slab of nearly intrinsic "i" semicon- 
ductor, bounded on one side by a relatively thin layer of very heavily doped 
n-type material and on the other side by a relatively thick layer of heavily 
doped p-type semiconductor material. Ohmic contacts to the heavily doped 
regions serve as a means of applying sufficient dc reverse bias voltage to the 
structure so that the depletion layer of the junction spreads out to occupy the 
entire intrinsic or lightly doped n-volume. This volume then becomes a region 
of high and nearly constant electric field, a region which is swept free of 
electron-hole pairs, and one which constitutes the active volume of the 
device. 


Absorption of infrared radiation in the semiconductor produces electron- 
hole pairs that are either collected by the drift (electric field) or diffusion 
mechanism. For high speed devices, the drift mechanism must dominate since the 
diffusion mechanism only serves to limit the heterodyne device's high frequency 
sensitivity. For maximum collection efficiency, the intrinsic region must be 
tailored to be 2/a thick, where a is the absorption coefficient of the incident 
infrared radiation. Thus, diffusion of carriers from the p-side of the junction 
is minimized by proper placement of the i region below the surface. 

In practice, it is very difficult to achieve the idealized intrinsic layer 

in most semiconductors, i.e., silicon, gallium arsenide, mercury cadmium 

telluride, etc. Therefore, the "i" region is approximated by either a lightly 

8 

doped n-layer or a lightly doped p-layer. It is because of the low doping in 
the i region that most of the potential drop appears across this region. The 
n^-n”-p photodiode is the best (Hg,Cd)Te device structure for wide bandwidth 
CO 2 laser heterodyne applications since this configuration is analogous to the 
n-i-p photodiode. 
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Planar processing techniques were used to fabricate the lightly doped n" 

_4 2 

layers (active area is 1.8x10 cm ) on a substrate of p-type 
(N/\ ~ 1.0x10 cm” ) Hg^^gCd^.^Te. The substrates are initially doped 
with a net donor concentration of approximately 1.0x10 cm” . A mercury 
diffusion process which compensates the non-stoichiometric defects, presumably 
mercury vacancies, in the p-type substrate is employed to convert a surface 
layer of the p-type material to n-type material. Annealing in a mercury atmos- 
phere allows mercury to diffuse into the p-type substrate and this results in 

the annihilation of the mercury vacancies, thereby allowing the residual donor 
impurities already present in the substrate to predominate. A shallow 

n^-layer (Ng ~ 5x10 to 1.0x10 cm” ) was applied to the surface of 

n-layer in order to reduce the device's series resistance. 

I-V characteristics measured on the n^-n”-p photodiodes revealed for- 
ward resistances of approximately 10 to 35 ohms and zero bias resistances of 180 
to 5000 ohms. The breakdown voltage ranged from 630 to 2250 mV for devices pos- 
sessing cutoff wavelengths of 10.88 to 12.5 micrometers. 

C-V measurements were performed on the n^-n”-p devices and plots of 

2 

1/C versus the reverse bias voltage have resulted in a straight-line 

behavior. This indicates that the mercury diffusion process creates a one-sided 

2 

abrupt junction (N/\»Np). A least square fit applied to the 1/C data 

14 

yielded a net donor concentration of approximately 1.1 x 10 to 

15 -3 

1.0x10 cm in the n" layer. The donor concentrations measured by the C-V 
technique are consistent with the initial donor concentrations that were intro- 
duced during the growth of the p-type (Hgp,gCdQ, 2 )Te. 

Blackbody measurements performed at a frequency of 1 kHz resulted in dC 
quantum efficiencies ranging from 34% to 65%. The n^-n”-p photodiodes did 
not possess anti -reflection coatings on their active areas. 

The shot noise and blackbody heterodyne radiometry techniques already 
discussed were used to characterize the n^-n”-p photodiode. The results of 
the shot-noise measurements indicated that many of the photodiodes tested had 
frequency responses that were flat to 2.0 GHz; no sign of the RC roll-off was 
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present at this frequency. However, the frequency response was observed to be a 
function of the applied reverse bias voltage. Increasing the reverse bias vol- 
tage increases the depletion width and, hence, reduces the device capacitance. 
Since the photodiode shot-noise frequency response is RC limited, reducing the 
capacitance results in increasing the device frequency response. 

The shot-noise frequency response of an n^-n"-p (Hg,Cd)Te photodiode, 
with a bandwidth greater than 2.0 GHz, is presented in Figure 5. The observed 
shot-noise signal level presented in Figure 5 changes as the reverse bias vol- 
tage is varied since the device impedance is a function of the reverse bias vol- 
tage. Network analyzer measurements presented in Figure 6 show that the voltage 
standing wave ratio changes as a function of the reverse bias voltage. The data 
presented in Figure 6 was measured using a computer controlled Hewlett-Packard 
8542 network analyzer and clearly shows that the device impedance changes as a 
function of the applied reverse bias voltage. Similar measurements have also 

demonstrated that the device impedance is also dependent on the incident CO, 
, 6 
laser power. 

Blackbody heterodyne measurements were made on the n^-n"-p photo- 
diodes. Effective heterodyne quantum efficiencies were measured in the 100 to 
2000 MHz frequency region and ranged from 13 to 30%. These values correspond to 
noise equivalent powers of 1.44xlO^\/Hz to 6.23xlO"^°W/Hz, respectively. 
Table 2 presents a summary of the heterodyne characteristics of single element 
n^-n”-p photodiodes while Table 3 presents heterodyne data on a 2 x 2 ele- 
ment array. All of the data presented in this paper was measured on devices 

_4 2 

possessing a square active area of 1.8 x 10 cm . Both tables list the 

operating points, i.e., the incident CO^ laser power, the bias voltage, the 

dark current, and the local oscillator induced current at which the NEP and 
effective heterodyne quantum efficiencies were measured. 

The effective heterodyne quantum efficiencies have been measured to be 
fairly flat in the 100 to 2000 MHz frequency range. Figure 7 presents data 
showing the measured effective heterodyne quantum efficiency as a function of 
frequency for element 2 of the four element array whose properties are listed in 

Table 2. The device exhibited an effective heterodyne quantum efficiency of 19% 
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at 2.0 GHz when reverse biased to 0.450 volts and with 0.641 milliwatts of CO 2 
laser power focused onto the photodiode active area. 

All of the effective heterodyne quantum efficiencies listed in Tables 2 
and 3 were measured at 2.0 GHz. The incident CO^ laser powers required to 
provide the listed effective heterodyne quantum efficiencies ranged from approx- 
imately 0.295 to 1.090 milliwatts. These power levels resulted in photoinduced 
currents of 1.4 to 2.5 mA. It is entirely possible to increase the effective 
heterodyne quantum efficiency by utilizing larger levels of incident CO 2 laser 
power. However, saturation effects and thermal damage may result from the use 
of increased laser power levels. 


CONCLUSION 

The measurements presented for the n^-p ^9o*8^^0‘2^® photodiode show 
that it is possible to use it as a moderate bandwidth, 10.6ym CO 2 laser heter- 
odyne detector. This diode may be operated at either 77 K or 145 K with a fair- 
ly good sensitivity. By proper adjustment of the (Hg,Cd)Te bandgap and doping 
levels on either side of the n-p junction, it should be possible to use the 
n^-p device structure cooled to the temperature range of 185 to 205 K for 8-14 
micrometer infrared heterodyne applications. 

Single .element and four element n^-n'-p (Hg,Cd)Te photodiode arrays 
have been developed for lO.Gum wide bandwidth CO 2 laser heterodyne applica- 
tions. Effective heterod.yne quantum efficiencies of approximatel.y 13 to 30% at 
2000 MHz have been exhibited. The photodiode's frequency response and hetero- 
dyne sensitivity may be improved by the proper choice of junction geometry, by 
microwave matching of the photodiode's output to the wide bandwidth preampli- 
fier, by the application of an anti -reflection coating to the photoactive area, 
and by optimizing the junction depth and the depletion region width. 

Current research and development is aimed at developing arrays (12 
elements) and increasing the bandwidth and heterodyne sensitivity of the 
n'^-n“-p(Hgg.gCdg. 2 )Te photodiode. 
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Table 1 


Charac^e^isf'ics Of A Three Element n^— p Photodiode Array At Temperatures 

Of 77 K And 145 K 


eUKENT 

TEMPEIIATURE 

CUTOFF 

WAVCLfNGTH 

forward 

RESI5TANCC 

ZERO BIAS 
RESISTANCE 

BREAKDOWN 

VOLTAGE 

nc 

QUANTUK 

EFflCIfNCT 

BIAS 

VCLTAGE 

CAPAClTAKCf 

DARK 

CURRENT 

/NCfOENT 

CD^ 

LASER 

POWER 

H£nmm 

SIGNAL 

FREOUENCT 

RESPONSE 

A'OJSE 

EQUIV 

POWER 

(NCPJ 

EFFCCriVE 

HETEROOVNE 

QUANTUM 

CfFlCieNCY 


(K) 

(um) 

(ohm^) 

( oNras ) 

Wolts) 

(1) 

(mVl 

(dFI 

(nW) 

(rrMdtts) 

(HHz) 

(W/Hz) 

(1) 

1 

77 

13.83 

20.S 

100 

0.2*0 

78 

160 

20.4 

0.5S 

0.268 

625 

3.2x10--“ 

58 


14S 

11.30 

19.38 

30 

0.046 

78 

240 

?7.7 

1.85 

0.400 

675 

1.0x10-'^ 

19 

2 

n 

13.66 

21.0 

102 

0.230 

73 

90 

23.9 

0.35 

0.322 

725 

8.4x10--' 

22 


146 

11.0/ 

20.63 

40 

0.060 

7* 

200 

19.1 

1.5 

0.201 

600 

1.2x10- 

16 

3 

11 

U.ll 

19.0 

7S 

0.200 

76 

SS 

26. S 

O.IS 

0.263 

500 

8.8il0--'’ 

21 


US 

11.40 

18. S 

34 

0.032 

?S 

2 SO 

17.7 

1.65 

0.180 

475 

1.3x10-'' 

U 


Table 2. 

Summary Of Single Element n"*^-n-p Hg^ 2 ^® Photodiode Low Frequency 

And Heterodyne Characteristics 


I 

MIXER 

.. BREAKDOWN 
VOLTAGE 
(VOLTS) 

AREA 

(cn2) 


^co 

(pin) 

Ro 

(ohns) 

*^forwarJ 

(ohns) 

BIAS 

VOLTAGL 

(VOLTS) 

Rq 

{ ohns ) 

L 

(pH 

L 

(nil) 

'^DC 

BANDWIDTH 

■lo 

tnA 

Plo 

(.IW) 

HLt* 

(W/»z) 

«EH 

1 

1./2 

1.8*10-^ 

10. 0 

10.88 

410 

lb 

0.75 

2000 

1.75 

U./5 

h6i 

> 2.0 GHZ 

1 .4 

0.360 

l.lxlO-1’3 

171 

2 

0.»6 

1.8x10' 

10. b 

12.5 

lao 

13.3 

0.3 

1000 

2.8 

0.7/ 

b2l 

> 2.0 GHz 

1.8 

0.295 

6.45x10--^’ 

291 

3 

0.70 

1.8x10-^ 

10.5 

16. Ob 

375 

17 

0.35 

740 

1 .58 

0.67 

561 

>2.0 GHz 

2.2 

0.330 

1.24x10-15 

151 

4 

0.63 

1 .8x10-'’ 

ll.O 

11.66 

367 

20 

0 . 3 ? 

600 

1 .48 

0.80 

651 

> 2.0 GHz 

1.8 

0.310 

1 .44x10-19 

131 

5 

1 .49 

l.BxlO-^ 

10.5 

11.41 

7/8 

16 

0.34 

3330 

4.9 

3.1 

521 

> 2.0 GHz 

2.0 

0.330 

6. 23x10- 

301 

5 

1.76 

1.8x10-'’ 

10.5 

II. 5 

776 

16 

J.3J 

4680 

5.06 

3.3 

345 

) 2.0 GHz 

2.5 

1.09 

7.79x10-^0 

24 5 







Table 3. 




Summary 

Of The 

Heterodyne Characteristics Of A Four Element n ^n p 
Hg^ gCd^ 2^6 Photodiode Array 


ELEMENT 

^co 

Xp(ym) 


RF 

(ohms) 

BREAKDOWN 

Rq voltage 

(ohms) (VOLTS) 

(S, 

Plo, , Vbi nep „ 

(mA) (VOLTS) (W/Hz) EH 

DARK 

CURRENT 

(mA) 

1 

11.5 

10.5 

0.375 

28.5 

270 1.7 

2.35 

0.716 0.35 6.93x10-20 27* 

100 

Z 

11.18 

10.5 

0.50 

33.3 

250 1.8 

1.98 

0.641 0.450 9.84x10-20 i9j 

100 

3 

11.5 

10.5 

0.385 

29 

270 0.80 

2.0 

0.633 0.180 1.34x10-15 14* 

200 

4 

11.5 

10.5 

0.365 

25 

500 2.1 

1.95 

0.656 0.530 1.31x10-19 14.3* 

60 
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Figure 1.- I-V characteristics of 
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element 1 measured at 77 K and 145 K 
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Figure 2.- 1/C versus reverse bias voltage for element 1. 
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- Effective heterodyne quantum efficiency versus frequency for 
element 2 of a four element photodiode array. 




CONCEPTUAL DESIGN AND APPLICATIONS OF HgCdTe INFRARED 


PHOTODIODES FOR HETERODYNE SYSTEMS 
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SUMMARY 

HgCdTe photodiodes represent an important component for 
heterodyne detection systems operating in the 9 to 11/im CO 2 laser 
wavelength region. Their successful fabrication requires thorough 
understanding of the physical properties of the basic materials. 
The implementation of controlled industrial processes ensures the 
yield of predictable and repeatable detector characteristics to 
satisfy today's discriminating systems' demands for high cutoff 
frequencies, quantum efficiency, and reliability. The most salient 
production steps and diode characteristics will be described. 
Measured results from present production units will be presented. 

INTRODUCTION 

Numerous COj laser applications, in particular those 
dealing with heterodyne detection at IC.G^m, are largely respon- 
sible for the generally increased interest in fast photodiodes 
for this wavelength region. 

As previously reported (1), (2), (3), HgCdTe photodiodes 

have inherent cutoff frequency capabilities beyond one GHz. This 
is rendered possible by the normal value of the materials 
permittivity and the ability to create a junction of very low 
capacitance. In fact, because of the very high electron mobility 
in narrow-bandgap semiconductors, the dynamic characteristics of 
the minority carriers are not expected to become significant 
limiting mechanisms of the diode. Furthermore, the high value 
of the absorption coefficient permits excellent optimization of 
quantum efficiency and cutoff frequency. 
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The extent of studies conducted during the past decade on 
the metallurgy of the materials and on the diode technology have 
enabled us to gain a better understanding of the factors affecting 
the diode characteristics, performance, and reliability. Thanks to 
the knowledge gained on the diodes and on their interdependent 
parameters, it is now possible to optimize the development of a 
diode for a given application. 

PHOTODIODE OPTIMIZATION (77K) FOR A 10.6/im EIETERODYNE RECEIVER 

The heterodyne receiver signa 1-to-noise ratio can be 
expressed using the passive elements of the diode equivalent 
circuit (Fig.l), including shunt conductance (Gq) , junction 
capacitance (Cq) , series resistance (Rg ) as well as the signal 
and noise generators and the preamplifier (4), (5), as shown in Eq.l: 


7 q Pq 


^ *Lo ^Lo 


where j; = the quantum efficiency which must be maxi- 
mized for the wavelength region of interest 

P = signal power 

Ijj = dark current 

I|_o = local oscillator induced current 

Tq = diode temperature 

Tp. = preamplifier noise temperature 


Quantum efficiency 

Quantum efficieny {-q) is defined as the ratio of carriers 
crossing the junction to the total number of incident photons. It 
is limited by: 
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- reflection losses on the semiconductor surface. 
These losses can be reduced through antireflection 
coating 

- electron-hole recombination in the bulk before 
reaching the junction. To minimize this effect, the 
carriers must be generated as close as possible to 
the junction either through the creation of super- 
ficial junctions or by utilizing the transparency 
effect resulting from the doping of the n-surface 
of the p-n junction. The transparency effect (1) is 
particularly prominent in narrow-bandgap semicon- 
ductors 

- surface recombination which can be reduced through 
surface passivation or by avoiding carrier gener- 
ation in the bulk through utilization of the trans- 
parency effect 


Cutoff Frequency 

The HgCdTe detector response varies as a function of 
frequency. Three factors contribute to the limitation of the 
usable cutoff frequency (6), (Pig. 2); 


a . Diffusion effects. 

When the depletion region is narrow with respect 
to the absorption length (case of the very mildly 
biased junction) , only those carriers created 
within less than one diffusion length will reach 
the junction and the time required for this action 
to take place limits the speed. The corresponding 
cutoff frequency is 


f 


Cdiff 


2.4 D a’ 


2 n 


( 2 ) 


where D = diffusion coefficient of minority 
carriers 

a- = photon absorption coefficient 

3 ““1 

For example: for a = 3 x 10 cm and D near 
unity, the cutoff frequency is limited to 
about 10 MHz . 
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b. Transit time in the depletion region. 

The widening of the depletion region causes an 
increase in the number of carriers generated. The 
speed of these carriers is increased by the electric 
field and the corresponding cutoff frequency is 
given by 

2.4 Ve 


f 


C or I FT 


(3) 


2 TT W 


where w = width of the depletion region 

Vg = carrier speed, reaching its limit 
near 10^cms~^ 

Thus, for w = 3fim, the cutoff frequency is in 
excess of 10 GHz. 


c. Junction capacitance. 

The photodiode equivalent circuit (Fig.l) shows 
the presence of a cutoff frequency limitation 
through the RlCq time constant, wherein Rl is the 
diode load resistance and the junction capaci- 
tance. For a load of 50 ohms and 1 pF capacitance, 
the cutoff frequency is approximately 3.2 GHz. 


The improvement of the cutoff frequency of a photodiode 
therefore requires the following efforts: 

1. Reduction of the junction capacitance by reducing 
the surface area and the doping level on either 
side of the junction. 

2. Widening of the depletion region and bringing it 
closer to the surface. This also requires low 
doping level, a junction depth adapted to the 
extension of the depletion region and to the 
absorption length, and elevated breakdown field 
strength . 

These conditions can be simultaneously met, as shown in 
Fig. 3. A doping level of 2 x lO^'^cm^ and bias of about -IV 
lead to a depletion region width of about 1/a, that is, 3/im. 
This, in turn, results in the following advantages: 
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high quantum efficiency, if the junction depth is 
of the same order of magnitude ( 3 to 5/um) 



- high cutoff frequency resulting from the short 
transit time in the depletion region (3 x 10“^^s) 
and the low junction capacitance ( 1 pF for an 
area of 2 x 10“ ^cm^) 


Planar Technology 

The planar technology developed and implemented for the 
fabrication of HgCdTe photodiode arrays and matrices (7) presents 
numerous advantages for the manufacture of fast photodiodes, 
such as: 

- protection of the edges around the junction, thus 
reducing leakage currents and permitting the use 
of high bias voltages 

- passivation of the sensitive area, which reduces 
internal reflection losses and surface recombination. 
It also increases the reliability by diminishing 

the effect of external factors 

The p-type HgCdTe material is prepared through recrystal- 
lization at the solid state or through epitaxial deposition and 
isothermal diffusion. The purity of the basic material must be 
very high in order to attain the desired low doping levels. 

Substrate preparation (Fig. 4) includes mechanical polishing 
and cleaning in a bromine-alcohol solution, followed by passiva- 
tion with a ZnS deposition. The diffusion apertures are developed 
through localized chemical etching of this layer. Two methods are 
employed to form the junction: mercury diffusion and ion implan- 
tation. A passivation layer of ZnS is then applied which, in turn, 
is etched to prepare the contacts. The contact areas are formed 
through a deposit of gold-chromium, and this is followed by overall 
passivation . 

This technology permits the fabrication of all kinds of 
geometries and photodiode groupings (square, rectangular, or round 
sensitive areas, single-element detectors, arrays, quadrants, 
and small matrices) . 
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Photodiode Installation in Cryostat 


The method used for mounting the photodiode in its cryo- 
stat is of primary importance. On the one hand, one must reduce 
parasitic capacitance and, on the other hand, it is essential to: 

- reduce the inductance of the connections (Ls) 
feed the IF output through the cryostat, using 
a coaxial cable 

protect the photodiode against electro-magnetic 
interference 

These goals are reached by installing the photodiode in 
a housing which serves to support and protect it while, at the 
same time, providing the link to a coaxial output connector (Fig.5). 
A miniature coaxial cable with a stainless steel sheath connects 
this housing to the output of the cryostat. 


RESULTS 

High-speed HgCdTe photodiodes (Class C4) for heterodyne 
detection at 10.6/i.m from present production exhibit the following 
characteristics : 

Sensitive area: between 10~^and 2 x 10~^cm^ 

Quantum efficiency: 50 to 60% 

Breakdown field strength (at 1mA) : in excess of 2V, 

reaching or exceeding 3V on certain diodes 
Max. reverse dynamic resistance: about 100 kohms 
Series resistance: 10 ohms 

Analysis of the capacitance variation with increasing bias 
voltage discloses the presence of a steep junction (varies as 
1/c^ as a function of reverse bias voltage) (Fig. 6) and of a 
doping level of about 1 to 2 x lO^^cm^ . This confirms the high 
purity level of the starting material. 

The particularly high breakdown field strength which we 
measured (Fig. 7), reveals that the leakage currents around the 
edges of the junction are minimized by the passivation layer. As 
predicted by mathematical models, cutoff frequencies in excess of 
1 GHz have been achieved with a reverse bias value of -IV (Private 
communication from Lemaine , Laboratoire de Spectroscopic 
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Hertzienne, L.A.C.N.R.S. 249 U. S . T.L. ) (Fig . 8), while heterodyne 
detection operation with these detectors was reported at frequen- 
cies of 8.7 GHz (8) (Unpublished report by J. P. Sattler et al. , 
U.S. Army, Harry Diamond Laboratories). 


Reliability 

Reliability tests to military specifications, including 
cycling up to temperatures of 80°C,* which were conducted for 
periods of several thousand hours without degradation of the diode 
characteristics, testify to the high degree of reliability of 
these components. This is further confirmed by the fact that detec- 
tors, which have seen operation in the field for over 10 years, 
are still operating (Private communication from B. J. Peyton of 
AIL) . The use of a passivation layer is primarily responsible for 
the immunity to external disturbing factors and, in particular, to 
short wavelength radiation. 


Operation at Temperatures in Excess of 77K 


The proper operation of a HgCdTe photodiode at temperatures 
in excess of 77K requires the following conditions: 


1. High quantum efficiency at this temperature at 
10.6ym. This can be achieved by selecting the 
composite material so that the absorption coef- 
ficient will always be 1000 or higher. 

2. Saturation current below the level of the local 
oscillator current, the latter being generally 
on the order of 1 to 3 mA. 


3. A reverse dynamic resistance (R^) selected so that: 


^D^LO 


>> 


2kT 

q 


Numerous studies conducted in our laboratories (DRET con- 
tract no. 76/422) on detectors operating at temperatures in excess 
of 77K enabled us to reach R„A products at 10“2qcm“2 at 140K for a 
spectral peak wavelength of lO.Sym. These detectors can operate in 
a heterodyne mixer without noticeable degradation of their perfor- 
mance characteristics, when compared to those normally experienced 
at 77K. "Long wavelength" detectors (Ap2;_14ym at 77K) were measured 
at temperatures within the operating range of thermoelectric 
coolers (S.A.T. internal report). In accordance with our predic- 
tions regarding the variation of the intrinsic concentration as a 
function of temperature and based on the characteristics measured 
at 77K, these detectors exhibit saturation current levels of about 
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20mA at 200K and reverse dynamic resistance of about 40 ohms. 
Calculations disclose a degradation of the heterodyne sensitivity 
on the order of 10 dB under these conditions. 


Figure of Merit (Heterodyne Quantum Efficiency) 


In order to characterize the performance of a heterodyne 
detector, one can include all degradation factors into a single 
parameter: the heterodyne quantum efficiency ( 17 '). Referring 
back to Eq.l, we obtain: 


I - 

^ T 


2 k ( Tn + TVa) 


■Lo 


[ 






-1 


(4) 


where n ' is a function of the local oscillator (L.O.) induced photo- 
current, the IF frequency and the detector characterist ics . The 
maximum value for a given intermediate frequency is obtained for 
optimum local oscillator power and detector reverse bias con- 
ditions. It must be noted that it is not possible to indefinitely 
increase the local oscillator power to minimize the influence of 
the parasitic effects of the diode and preamplifier, as this would 
lead to saturation and thus reduce the quantum efficiency. This 
can occur at local oscillator current levels in excess of a few 
milliamperes (Fig. 9). Degradation of quantum efficiency can also 
be observed when comparing it to the quantum efficiency measured 
at very low frequencies. This is caused by the fact that only 
those carriers generated in the depletion region can be used at 
very high frequencies. It is, therefore, possible to notice a 
variation of the heterodyne quantum efficiency as a function of 
detector reverse bias. The low-frequency value of quantum effi- 
ciency is again reached when the depletion region extends very 
near to the detector surface. 

Values of heterodyne quantum efficiency on the order of 
40% were measured in the laboratory for detectors whose low- 
frequency quantum efficiency was 50 to 60%. These figures confirm 
the fact that, by optimizing the operating point of the photodiode, 
the degradation will only be very small. 
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CONCLUSION 


HgCdTe photodiodes, optimized for operation at high fre- 
quencies, are manufactured through a controlled, repeatable 
process. They exhibit excellent I-V characteristics which permit 
the application of high reverse bias voltages, thus yielding at 
the same time high cutoff-frequency capability and high hetero- 
dyne sensitivity. 

These detectors can be used in many different systems 
operating in the 9 to llyu.m wavelength region, such as optical 
radars, telecommunication links, and interferometers. An important 
fringe benefit lies in their great reliability for terrestrial 
as well as for aerospace applications. 
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Figure 1.- Photodiode equivalent circuit. 
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Figure 2.- Photon- induced current generation process in photodiode (junction 

depth = photon absorption length) . 
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COMPARATIVE PERFORMANCE OF HgCdTe PHOTODIODES FOR HETERODYNE APPLICATION 


Herbert R. Kowitz 
Langley Research Center 


SUMMARY 

Photodiodes are used as optical photomixers in Laser Heterodyne Spectro- 
meters (LHS) systems to enable high resolution spectroscopy. A very important 
parameter in any photomixer application is the photodiode's quantum efficiency 
because of its direct effect on the system's signal-to-noise ratio. Quantiam 
efficiency, however, is usually specified by photodiode manufacturers as the 
direct current (dc) quantum efficiency. It is important for the LHS applica- 
tion to determine if the quantxom efficiency differs for the heterodyne mode of 
operation and by how much. This paper describes the measurement techniques 
used by the LHS Conceptual Design Team (CDT) to determine photodiode dc and 
heterodyne quantum efficiencies. The theory behind these measurements as well 
as actual measurement data for two currently available HgCdTe photodiodes are 
presented. 


DC QUANTUM EFFICIENCY 

The dc quantum efficiency of a photodiode represents a figure of merit of 
how well the device converts light energy into electrical energy or, more 
specifically, how many amperes of photocurrent are generated for each watt of 
optical signal power. The response (R) of a photodiode in amperes/watt is 
given by 



where : 

U, = dc quantum efficiency 
dc 

q = electron charge = 1.602 (10~^®) Coulombs 
h = 6.625 (10-34) joule-sec 

f =3 (10^^) /A with the wavelength (A) expressed in microns 

As can be seen by equation (1) , the theoretical response is maximum for 
100 percent dc quantum efficiency. At a wavelength of 10.6 microns, the 
maximum response is 8.544 amperes per watt. 

The dc quantum efficiency of a given photodiode can be determined by 
measuring the photocurrent generated for a given signal power impinging on the 
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photodiode's sensitive area. The difficulty (and any possible inaccuracy) lies 
in the determination of the factors that influence the amount of signal power. 
The measurement set-up that was used for photodetector response measurements 
(see fig. 1) consists of a blackbody radiation source, an optical filter, and 
focusing mirrors. This set-up was part of an overall LHS layout and not 
optimized for photodetector response measurements. The chopper and the beam 
splitter are not required for the dc measurements, but are needed for hetero- 
dyne measurements discussed later in this paper. 

The blackbody emittance (N^) is given by 

c dA watts 

\ = — g ^ (2) 

ttA [exp(c2/AT) - l] cm'^'ster 

where cj^ is 3.7405 (10^) and C 2 is 1.4388 (10^) if the wavelength is 
expressed in microns and the blackbody temperature (T) is in degrees Kelvin. 

The tests were conducted at 10.6 microns with a 0.3963 micron optical filter 
resulting in a radiance of 1.866 (104) watts/cm^* ster for the 1273 K source. 

The optical power at the detector is related to this radiance by 


P 


det 




3 IT 

Ss'''P0L 4 



det 


cos 6 watts 


(3) 


where : 

chopper factor = 0.5 

filter transmission factor = 0.65 

mirror transmission factor = 0.97 

beam splitter factor = 0.5 

polarization factor = 0.5 

lens diameter = 5.0 cm 
focal length = 15.2 cm 

off normal detector mounting angle = 30° 
detector area = 1.21 (10“'^) cm^ for unit (A) 

= 1.7 (10”^) cm2 fQj, unit (B) 

Using these given factors in equation (3) results in optical powers of 
0.0123 microwatts for unit (A) and 0.0173 microwatts for unit (B) . These 
powers differ because detector (B) has about 40 percent greater sensitive area. 
To assure a valid comparison the detectors have to be overfilled. This condi- 
tion was verified by transverse movement of the photodetectors without loss 
of photocurrent. The measured photocurrents were 0.05 and 0.1 microamperes 
for detectors (A) and (B) , respectively. Application of equation (1) results 
in = 48 percent for detector (A) and = 68 percent for detector (B) . 
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HETERODYNE QUANTUM EFFICIENCY - THEORY 

The heterodyne quantum efficiency is more difficult to ascertain because 
it involves the heterodyne mode of operation, i.e., the mixing of two optical 
signals to obtain a "beat signal" in the microwave frequency range. The test 
set-up used for the heterodyne efficiency measurements (see fig. 2) consists 
of a blackbody source, a 50 percent duty cycle chopper, focusing optics, and a 
50/50 beam splitter to combine the signal (blackbody) with the local oscillator 
(CO 2 laser) . The RF portion consists of a 5 to 550 MHz preamplifier, a 
10 to 115 MHz amplifier, and a square-law detector to detect the heterodyne 
signal power in the midband frequency range (10 to 155 MHz) . The detector 
output is then synchronously demodulated and filtered by a running-mean 
integrator whose value is read at a 1-second integration time and reset to 
zero. The chopper rate was chosen to be 1024 Hz to simplify the generation of 
the required control pulses. 

The scheme followed to obtain a heterodyne quantum efficiency measurement 
is similar to the dc quantum efficiency measurement except that for the hetero- 
dyne case, the measured signal-to-noise ratio (SNR) is compared to the maximum 
theoretical obtainable SNR. 


The SNR for the described implementation is given by 


SNR = 


4 ^ q I , t 

Het ph 




[exp(hf/kT) - 1 ] (F - 1) 


TclV 


R 


11 




(4) 


where ; 
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IF 


R. 


11 


heterodyne quantum efficiency 

signal induced photocurrent 

optical transmission factor = 0.093 
IF bandwidth = 105 MHz 

post detection integration time = 1 sec 
noise factor of preamplifier = 1.58 (NF = 2 dB) 
290 K 

equivalent input impedance of preamplifier 
dark photocurrent 


As can be seen by equation (4) , the SNR is directly dependent on the 
photodiode's heterodyne quantum efficiency. It should be noted that the opti- 
cal transmission factor has the same impact on the system SNR as the quantum 
efficiency indicating that both factors should be maximized. An increase in 
the IF bandwidth or the integration time, however, has less effect; doubling 
either only results in a 41.4 percent improvement in the signal-to-noise ratio. 
Also, integration time is mission dependent and cannot be arbitrarily increased 
except for static measurements (as in the lab) . The IF bandwidth is limited 
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by two factors: (a) the photomixer's own frec[uency response limitation, and 

(b) the increased noise factor of wide bandwidth preamplifiers. 


Other important factors that influence the SNR are the temperature of the 
blackbody sovurce and the effective temperature of the noise sources operating 
in the LHS system. The blackbody source temperature affects the SNR via the 
[exp(hf/kT) - l]~^ factor of equation (4). For example, at 10.6 microns the 
SNR increases by a factor of approximately 7 when considering the blackbody 
temperature of the sun at 5600 K versus the temperature of 1273 K of the labora- 
tory source . 


The noise sources operating in a LHS system are basically Johnson noise 
referred to the input of the preamplifier and photodiode shot noise. Their 
effects are accounted for by the (F - DhT^/Rj^^^ and 2q(Ipj^ + factors, 

respectively. Because an unstable reference source will cause an apparent 
noise component as well, a CO 2 laser was chosen as the local oscillator for the 
heterodyne quantum efficiency measurements. 


HETERODYNE QUANTUM EFFICIENCY MEASUREMENTS - MIDBAND 

The heterodyne quantiam efficiency measurements for the midband case were 
conducted in the 10 to 105 MHz frequency range (determined by the amplifier 
bandwidth of the AIL 2392C radiometer of fig. 2) to assure that the measurement 
is within the photodetector response bandwidth. It should be noted that the 
test set-up was part of an overall optical layout for the LHS system and was 
not optimized for photomixer response measurements. The inability to determine 
the exact transmission factors, therefore, will cause errors in the absolute 
measurements, but should be more than adequate for determining heterodyne 
frequency response rolloff. The SNR was measured by using a microprocessor 
controlled digital voltmeter (DVM) to measure the average of the RF detector 
output voltage (1 second integrator) and its standard deviation. The measured 
SNR was determined as follows : 

- ''bB . !hET ,5, 

o o 


where : 

^LO+BB ~ average detected output with the CO 2 laser and BB heterodyning 

V = average detected output with the CO 2 laser path blocked 

BB 

a = standard deviation of detected output during heterodyning 

Vret ~ heterodyne signal output 

The SNR was measured for photocurrents up to about 1 milliampere. The 
test results are provided in table I for both available photomixers. It should 
be noted that the photocurrents shown are above the photomixer dark currents. 

Table II depicts the parameter values used and the theoretical SNR calculation 
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results. It should be noted that for photomixer (B) , the dark durrent para- 
meter value used in the theoretical SNR calculations was about 50 percent of 
the measured dark current because it was foxind that only about half of the 
dark current for this photomixer contributed to shot noise. This phenomenon 
needs further investigation but is outside the scope of this paper. Figure 3 
shows both the measured and the calculated values for the SNR in the 10 to 
115 MHz band. A comparison between the theoretical and the measured SNR's 
results in heterodyne quantum efficiencies of 16.5 percent for photomixer (A) 
and about 62 percent for photomixer (B) . 


HETERODYNE QUANTUM EFFICIENCY VERSUS FREQUENCY 

The quantum efficiency for photodiode (A) decreased from 48 percent at dc 
to 16.5 percent in the 10 to 115 MHz band and photodiode (B) decreased from 
68 percent to 62 percent. This prompted implementation of the test set-up 
shown in figure 4 to enable a heterodyne frequency response check. The results 
of these tests are shown in figure 5 for photomixer (A) and in figure 6 for 
photomixer (B) . Because the dc response cannot be obtained with this test 
implementation, no direct comparison to the dc quantum efficiency can be made. 
Also, this implementation introduces its own signature on the overall frequency 
response because of VSWR, amplifier in-band ripple, and RF mixer response 
effects. These effects have been "backed out" resulting with the corrected 
response curves shown in figures 5 and 6. It is seen that photomixer (A) has 
a roll-off in the 10 to 110 MHz band that is not as pronounced for photomixer (B) . 
Photomixer (A) appears to be at its half power point at about 450 MHz. 

Photomixer (B) has not approached its half power points at the 500 MHz 
limitation of the test set-up and requires a wider bandwidth implementation to 
investigate . 


CONCLUSIONS 

Photodiodes used as photomixers in LHS systems exhibit quantum efficiencies 
in the heterodyne mode of operation that are lower than their dc quantum 
efficiencies. Also, this heterodyne efficiency is not constant over the photo- 
diodes specified bandwidth, but exhibits a gentle roll-off with frequency. 
Consequently, photodiodes that are to be used in heterodyne applications should 
be tested in that mode and a minimum heterodyne quantxam efficiency specified 
at the upper frequency of interest. These tests require much care, however, 
due to the signature of the RF components in the test setup. 
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TABLE I.- SNR MEASUREMENTS (MIDBAND) 
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437.6 


1020 

5.30 

0.61 

0.0098 

478.6 


303 



TABLE II.- SNR CALCULATIONS 


PARAMETER 

DET. 

(A) 

DET. 

(B) 

^ph 

SNR (A) 

SNR (B) 

BB Temperature (K) 

1273 

1273 

100 ya 

88 

170 

'^HET 

0.25 

0.75 

200 

130 

277 

t 

0.093 

0.093 

300 

155 

351 

NF (dB) 

2.0 

2.0 

400 

171 

404 

R^^ (ohms) 

50 

50 

500 

183 

447 

Dark Current (ya) 

38 

195* 

600 

191 

478 

B (MHz) 

105 

105 

700 

198 

504 

X (sec) 

1.0 

1.0 

800 

203 

525 

*Portion of 375 ya dark current 

that 

900 

207 

543 

contributes to shot noise. 








1000 

211 

559 
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Figure 1-- Photodetector dc response test. 
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Figure 2.- Photomixer heterodyne response test set-up. 
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Figure 5.- Photomixer (A) response - 300 ya. 
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EXTENDING THE OPERATING TEMPERATURE, WAVELENGTH AND FREQUENCY 
RESPONSE OF HgCdTe HETERODYNE DETECTORS* 


D. L. Spears 

Lincoln Laboratory, Massachusetts Institute of Technology 
Lexington, Massachusetts 02173 


ABSTRACT 


Near-ideal optical heterodyne performance has been obtained at GHz IF fre- 
quencies in the lO-um- wavelength region with liquid-nitrogen-cooled HgCdTe 
photodiodes. Heterodyne NEP’s as low as 2.7 x 10"20 W/Hz at 100 MHz, 
5.4 X 10"20 w/Hz at 1.5 GHz, and 9 .4 x 19~20 w/Hz at 3 GHz have been achieved. 
Various physical phenomena which occur within a photodiode and affect heterodyne 
operation have been examined in order to assess the feasibility of extending the 
operating temperature, wavel ength, and frequency response of these HgCdTe photo- 
mixers. Hole transit time is seen to limit the fundamental bandwidth of lO-ym 
HgCdTe photodiodes to about 5 GHz. Long optical absorption lengths and small 
depletion widths of 30-ym photodiodes lead to a response limited by minority 
electron diffusion. High dark current, very small depletion widths, and slow 
ambi polar diffusion affect the sensitivity and speed of high-temperature 10-ym 
HgCdTe photodiodes. For T ^ 200 K, p-type HgCdTe photoconductors should outper- 
form photodiodes as moderately-wide-bandwidth photomixers. 


INTRODUCTION 


In recent years the liquid-nitrogen-cooled HgCdTe photodiode has emerged as 
the superior wide-bandwidth infrared heterodyne detector in the 10-um -wavel ength 
region (refs. 1 and 2). High dc quantum efficiencies (75% to 90%) and RC roll- 
off frequencies in excess of 2 GHz have been routinely achieved (ref. 3). These 
devices have been used as photomixers at IF frequencies as high as 60 GHz 
(ref. 2). Quadrantal arrays (ref. 4) have been used in a monopulse CO 2 radar 
system (ref. 5) for the past five years, tracking at IF frequencies over 
1.25 GHz at distances of over 1000 km. The field of laser heterodyne radiometry 
has made extensive use of these high -sensitivity HgCdTe photomixers for such 
applications as profiling gas distributions and wind velocities on planets 
(refs. 6 and 7), measuring ozone (ref. 8) and chlorine monoxide (ref. 9) con- 
centrations in the earth's stratosphere, and stellar heterodyne interferometry 
(ref. 10) . 

In this paper, the state-of-the-art performance of HgCdTe photodiode hetero- 
dyne receivers and the physics associated with their operation will be 
discussed. Optical absorption coefficient, intrinsic carrier concentration, 

“This work was sponsored by the National Aeronautics and Space Administration, 
the Defense Advanced Research Projects Agency, and the Department of the Air 
Force. 
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interband tunneling, minority-carrier diffusion, and hole transit time will be 
shown to present limitations and performance trade-offs for a HgCdTe photodiode 
heterodyne receiver operating at a frequency of 10 GHz, a wavelength of 30 ym, or 
a temperature near 200K. A discussion of p-type HgCdTe photoconductors for use 
as elevated-temperature CO 2 - laser photomixers is also presented. 


STATE OF THE ART 


During the past ten years, high-performance HgCdTe photodiodes and photo- 
diode arrays have been developed at Lincoln Laboratory (ref. 3) for use as wi de- 
bandwidth heterodyne receivers. Numerous test measurements were also developed 
to evaluate these photodiodes and characterize their sensitivity and bandwidth 
in the heterodyne mode of operation. The blackbody heterodyne measurement has 
proven to be the most direct and reliable method for determining the heterodyne 
NEP at high frequencies. Here the measured signal -to -noise ratio is compared 
with that calculated for an ideal photomixer in order to obtain an effective 
heterodyne quantum efficiency (refs. 11 and 12) from which the NEP can be 
determined using the expression NEP = where B (noise bandwidth) is 

usually normalized to 1 Hz. In figure 1 are shown the best values of NEP 
obtained to date (ref. 3) as a function of IF frequency from 10 MHz to 4 GHz. 
At 1 GHz the NEP is only about a factor of 2 above the quantum limit of an ideal 
photodiode -receiver system. A sensitivity of 6.2 x 10"20 W/Hz has also been 
reported (ref. 13) at 2 GHz. As the IF frequency increases, RC roll-off, dif- 
fusion effects, and higher preamplifier noise figures all contribute to a degra- 
dation in NEP of present HgCdTe photomixers. (The noise figures of the 
decade-bandwidth preamplifiers used to obtain the data in figure 1 ranged from 
about 1.1 dB at 10 MHz to 4.5 dB at 4 GHz.) The best results currently are 
below 1.5 GHz where most of the effort has been concentrated. Twelve-element 
arrays with average sensitivities of 7.1 x 10"20 w/Hz at 1.5 GHz and 
4.3 X 10"20 w/wz at 0.76 GHz have been demonstrated (refs. 3 and 14). 

The values of NEP in figure 1 were obtained under optimum conditions of 
bias Va (typically 0.3 to 0.7 volts) and LO power P[_o (typically 0.2 to 0.5 mW) . 

In figure 2 is shown the NEP of a typical high-performance diode as a function 
of photocurrent (IpQ = ’7(o)q Pig/hv, where ^ 7 ( 0 ) is the dc quantum efficiency) at 
0.76 GHz and 1.5 GHz. The solid curves were calculated from the simple asymp- 
totic expression (ref. 15) for NEP shown in figure 2, containing the ratios of 
preamplifier noise to shot noise and dark -current noise to shot noise. Tg is 
the effective noise temperature of the photodiode and preamplifier, and R|_ is the 
effective load resistance. For a 10.6-um photodiode at 77K, the dark -current 
term is almost always negligible at wide bandwidths. (Not all sources of dark 
current are noisy at high frequencies.) These calculated curves provide a good 
fit to the data up to IpQ = 1 mA. Beyond that, the NEP saturates at a value 
higher than given by the simple expression. In some photodiodes ,the NEP 

increases with increasing photocurrent. This saturation is a result of physical 
changes within the photodiode caused by the intense optical flux^~l x 10^0 
photons/cm'^-sec. These processes are complicated, are not well understood , and vary 
considerably with detector geometry, impurity doping levels, and energy gap ^g. 
Bandfilling, increased recombination, ambi polar effects, increased tunneling 
current, and simple heating can all contribute. These will be described in more 
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detail below. The effects are more important at high frequencies where larger 
values of photocurrent are required to overcome higher amplifier noise. By 
simple narrow-band impedance matching, we have been able to reduce the LO power 
requirement at 0.76 GHz from 150 yW (1 mA) as shown in figure 2 to about 50 yW 
(0.3 mA) . This is very difficult to do for multioctave bandwidths, however. 


PHOTODIODE PHYSICS 


Basic Device Operation 

Several effects can contribute to the response of a p-n junction photodiode: 
RC roll-off, the transit time of electrons and holes across the depletion 
region, the diffusion of holes from the n-type region to the space-charge region, 
and the diffusion of electrons from the p-type region to the space-charge 
region. The diffusion time can be as long as the lifetime of the minority 

carriers, which for 0.1-eV HgCdTe can be several microseconds (ref. 16). 

Obviously, such slow diffusion effects must be minimized for high-performance 
wide-bandwidth operation. The most successful wide-bandwidth HgCdTe detector 
structure to date has been the shallow-junction n'^n’p geometry (ref. 4), a cross 
section of which is shown in figure 3. Here the junction depth is about 3 ym, 

and under reverse bias the depletion width is about 2 ym, leaving a 1- ym region 

of undepleted n-type material at the surface. Also shown in figure 3 is the 
expected absorption profile for 10.6-ym radiation, where the absorption coef- 
ficient a is about 3000 cm-1 (ref. 17). 


Electron-hole pairs are created in all three regions, giving rise to 
several different response mechanisms. Holes produced in the n-type region must 
diffuse to the edge of the space-charge region and drift across in order to 
generate current. This diffusion time is approximately equal to (Sx)2/d, where 
Sx is the distance from the space-charge layer where the electron-hole pair is 
produced and D = ykT/q is the mi nority -carri er diffusion coefficient (ref. 18). 
Hole diffusion is a slow process as Dh“^ ~ 2 nsec/(ym)2 at 77K, and only those 
holes produced within a fraction of a ym of the space-charge 
in 0.3 nsec (i.e., 1 GHz bandwidth). The diffusion length 
average distance they can diffuse before they recombine) 

10 ym , so v{o) could be very high for a junction as deep 
such a device would have a very slow response, even though the junction capaci- 
tance may be small. For electron concentrations greater than about 10^^ cm"3 
the conduction band becomes degenerate and this bandfilling reduces the absorp- 
tion near the cutoff wavelength 
performance (refs. 1 and 17). 


region will respond 
of holes (i .e. , the 
can be as long as 
as 10 ym. However, 


in the n"*" layer and improves the high frequency 


The transit time across the depletion region is given by 




D 


v(x')-l dx' 


( 1 ) 


Wd~x 


where wq is the depl etion width, x' i s the position within the depl etion region , and v(x‘ ) 
is the local carrier drift velocity in the depletion region. At very low 
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fields, electrons in HgCdTe reach a scattering-limited saturation velocity due 
to their high mobility (ref. 16) and, consequently, travel across the space- 
charge region with constant velocity of about 2 x 10^ cm/sec or Vg"! = 
0.005 nsec/ym. If electron transit were the only limitation, a 10-GHz bandwidth 
could be obtained with depletion widths as large as 6 ym. However, holes must 
also transit the space-charge region and they have a relatively small mobility 
(yh = 600 cm2/V-sec at 77K) and their drift velocity v^ is a function of 
position. For a 0.1-eV photodiode, Vh“l is expected to vary from 0.02 nsec/ym 

to 2 nsec/ym. 

Carriers generated in the p-type region are controlled by electron diffu- 
sion which can be relatively fast. Assuming yg = 30 000 cm^/v-sec in the p-type 
region, we obtain Dg~l = 0.05 nsec/(ym)2, which means that electron-hole pairs 
created in the p-type region within a few micrometers of the junction can 
respond at 1 GHz. However, if the minority -electron concentration approaches 1% 
of the hole density (by either thermal generation or the local -oscillator flux), 
ambipolar effects (ref. 19) enter and begin to slow this diffusion process. 

The response of any given photodiode will be a composite of all the above 
effects and the RC roll-off due to the external circuit and the junction capaci- 
tance. The relative importance of each of these processes will depend on the 
precise junction depth, doping levels, HgCdTe alloy composition, and the local - 
oscillator flux level . 

Slow diffusion, which can frequently be seen as a tail on the pulse 
response of a photodiode, is particularly detrimental to heterodyne operation. 
This diffusion not only gives rise to a loss in signal at high frequency, but 
gives additional noise, as the slowly diffusing carriers have the same shot- 
noise spectra as the fast ones (ref. 20). The shot-noise-limited NEP in the 
presence of diffusion is given by 


^EPmi n 


hvB 



( 2 ) 


where ^(f) is the quantum efficiency at frequency f. In a planar diode, 
laterial diffusion from around the perimeter can degrade its high-frequency 
performance. To get maximum sensitivity, the local oscillator should be con- 
fined to within the junction area. A steep mesa diode does not have this 
lateral diffusion problem. 


Opti cal -Absorption Coeff i ci ent 


A high value of optical absorption coefficient a is desirable in a wide- 
bandwidth photodiode in order to localize the photocarrier generation. However, 
in smal 1 -energy- gap material, a is not very large. In figure 4 is shown the 
wavelength dependence of a as given by the Kane theory (ref. 17) for HgCdTe with 
energy gaps of 0.1 eV and 0.035 eV, required for 10.6-ym and 30-ym photodiodes, 
respectively. Accurate experimental values have been reported only for a < 
1000 cm"l. However, these calculated curves are consistent with all published 
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data and with transmission measurements made at Lincoln Laboratory on thin 
epitaxial samples. The solid curves do not take into account effects of charge 
carriers, impurities, or lattice vibrations, all of which tend to "smear out" 
the absorption edge. Band fi 11 ing occurs in narrow-energy-gap HgCdTe with rela- 
tively low electron concentrations due to the small density of states in the 
conduction band. This produces a Burstein-Moss shift in the absorption edge as 
indicated by the dashed curves in figure 4, which show the effects of 
1 X 10^6 el ectrons/cm3 in 0.1-eV HgCdTe and 1 x 10l5 electrons/cm3 in 0.035-eV 
HgCdTe. These electron densities are similar to those optically generated by a 
100-vim-diameter LO beam producing IpQ = 1 mA. Thus if the background doping 
does not render the n-type region transparent near the absorption edge, the LO 
flux most likely will. At a wavelength of 10 urn, the absorption length 1/a is 
about 3 urn, whereas for X = 30 um, 1/a is about 10 urn. Confinement of the pho- 
tocarrier generation is particularly difficult at 30 pm. 


Tunneling Breakdown 


The fundamental breakdown mechanism in a reverse-biased, 
photodiode is the tunneling of electrons from the valence band 
band due to the high field in the space-charge region. In a 
junction this field varies linearly across the depletion layer 
of 2V/wq, where V is the sum of the external bias and the 
potential (~£g/2q). The depletion width is given by 


narrow-energy-gap 
to the conduction 
one-sided abrupt 
with a peak value 
built-in junction 


Wq = (2KV/qN)l/2 (3) 


where k is the dielectric constant (~18.6 for Hgo.8Bdo.2fe) and N is the carrier 
concentration on the lightly-doped side of the junction. The value of wq at 
breakdown sets a limit to the RC roll-off frequency of the device. In figure 5 
is shown the calculated depletion width at a tunnel -current density of 
1 A/cm2 as a function of N for energy gaps of 0.1 eV and 0.035 eV, according to 
equation 16 of reference 21. The peak field at breakdown E^ax is a strong func- 
tion of energy gap (Emax “ relatively independent of N. E^ax ^t 
Jj = 1 A/cm2 is about 1 V/pm for Eg = 0.1 eV and 0.17 V/pm for eg = 0.035 eV. 
As can be seen in figure 5 , wq at breakdown is a strong function of N and eg, 
varying approximately as egl -43/f^O .9 . por eg = 0.1 eV, depletion widths in 
excess of 6 pm should be obtainable with present HgCdTe material technology 
(N~l X 10^-^ cm"3) . In high-performance wide-bandwidth photodiodes, wq has 
been typically in the range of 2 to 3 pm at breakdown. A 1-GHz RC roll-off fre- 
quency into 50 Ohms for a 100-pm-diameter photodiode requires W[) > 0.4 pm, which 
is achieveable with N = 2 x 10^^ cm"3 in 0.1-eV material. Clearly very high RC 
roll-off frequencies are possible with carrier concentrations in the low 
lO^^ cm"3 range. A device sensitive at a wavelength of 30 pm, however, 
requires N to be less than 3 x 10^^ cm~3 for a 1 -GHz RC roll-off. 
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Intrinsic Carrier Concentration 


A high density of carriers can be generated thermally in smal 1 -energy-gap 
semiconductors. In figure 6 is shown this intrinsic carrier concentration n-j as 
a function of temperature for £g= 0.1 eV and e„= 0.035 eV (ref. 22). For good 
diode characteristic, n-j should^be much less wan the doping levels on either 
side of the junction. For a wide-bandwidth 30-ym photodiode , this requires 
operation below about 50K to achieve n-j less than lO^^ cm“3^ as seen from 
figure 6. Similarly a 10-GHz 10.6-um diode must be operated below about lOOK. 
Note as the 0.1-eV material approaches 200K,n-j becomes greater than lO^^ cm"3. 
Thus from figure 5 we see that the depletion width at breakdown in a high- 
temperature 10.6-ym photodiode will be much less than 1 ym and, since 1/a > 
3 ym, its response will be diffusion limited. 


Photogenerated Carriers 


The LO flux can cause enormous changes in the minority (and majority) 
electron and hole concentrations in a photodiode. In the absence of drift and 
diffusion effects, the steady-state excess photocarrier concentration is given 
simply by a4>r, where t is the mi nority -carrier lifetime. In lightly doped 
0.1-eV n-type HgCdTe, is of the order of 10"^ sec (ref. 16), so a^Th^s 
3 X 10l7 ciir3 for 4> = 10^0 photons/cm^-sec . This electron concentration would 
clearly give strong band filling (see figure 4) and render the material 
transparent near the absorption edge. Near a p-n junction, diffusion and drift 
effects must be considered, however (see reference 19). The excess minority- 
electron concentration Sn in the p-type side of an n-pjunction illuminated from 
the n-type side is given by 

Sn(x) = a<^Tg (exp(-x/Le) - exp(-ax) )/(a2le^ - 1) (4) 

ate 7^ 1 

where x is the distance from the space-charge region, and Le = (De^'e)^'^^ is the 
minority -electron diffusion length. Figure 7 shows Sn(x) calculated using 
parameters appropriate for a typical 10.6-ym HgCdTe photodiode at moderate LO 
flux. The mi nority -electron lifetime Tg is a strong function of hole concentra- 
tion and 10 nsec is believed appropriate for a hole concentration p in the 
region of 3 x lOi-6 cm"3 at 77K (ref. 23). Note, the calculated photoelectron 
density peaks at a value of about 1 x lOl^ cm-3 at a distance from the junction 
about equal to the absorption length. At this concentration , these minority 
electrons contribute significantly to the conductivity due to the high electron- 
to-hole mobility ratio b (~100 in HgCdTe). In this ambipolar regime (ref. 19), 
the diffusion coefficient is given by 


Dg = De (1 + n/p)/(l + b n/p) (5) 

where n = 8n + ng. As n approaches p/p, Dg decreases, slowing down the dif- 
fusion process, which in turn reduces the frequency response and quantum 
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efficiency. For low values of p, ambi polar effects enter in at lower values of 
optical flux. In the very -strong -fl ux limit, the lifetime, the mobility, and 
the absorption coefficient are all expected to be functions of LO power, and a 
self-consistent calculation of sn(x) is very difficult. 


ULTRAWIDE- BANDWIDTH PHOTODIODES 


With increasing bandwidth, hole transit time begins to affect the response 
of a 10-um HgCdTe photodiode, as the hole velocity v^ within the space-charge 
region is low and a function of position, v^Cx) = E(x). In the case of a 
one-sided abrupt junction, E(x) varies linearly across the space-charge region. 
If we assume Vh(x) = (x/wq) Vn, + Vq, then integrating equation 1 we obtain the 
transit time. 


'"D In J 

1 WD j 

f 1 + Vo/Vfp \ 1 

Vm j 

1 X ' 

U + (vo/Vm)(wD/x) / ( 


for a hole generated within the space-charge region a distance x from the n-type 
side. Using this expression we have made numerous numerical calculations of the 
step response of photodiodes assuming: 1) the photogeneration varies exponen- 
tially into the device as e"“^ and 2) the delay in the response of each of these 
photogenerated carriers is given by the sum of their diffusion time (sx)2/d and 
transit time, i.e. the time required for holes to reach the p-type region and 
electrons to reach the n-type region. For 1/a << wp (which is the common situa- 
t|on_ for wide-energy-gap, high-speed photodiodes), a shallow-junction 
p -n device is the best structure for minimizing hole -transit effects as the 
electron-hole pairs are generated near the p"*" side of the depletion layer and 
only electron transit is involved. However, for small absorption coefficients, 
such as here at X ~ 10pm, the difference between an n-p and p-n diode structure is 
small. The step response calculated for two n‘''n"p photodiodes with depletion 
widths of 4 pm are shown in figure 8. Here the RC time constant is assumed 
zero and the undepleted n'^-region is assumed transparent, i.e. no hole -diffusion 
effects. The curve on the right is for a simple triangular field profile 
(Emax “ 1 V/pm) . Electrons generated near the p side of the space-charge region 
give the initial response after a 15-psec transit time delay. The slower rise 
continuing to about 120 psec is the delayed response of holes produced 
throughout the space-charge region. If the thickness of the n~ region is only 
4 pm and very lightly doped (i.e. pin-type device), "punch through" can occur 
well before breakdown, giving a more uniform field profile as shown in the 
diagram on the left in figure 8. If the average field is 75% of the breakdown 
field (i.e. 0.75 V/pm), the step response on the left is calculated. The very 
slow rise at the top is due to the comparatively slow diffusion of photoelec- 
trons produced in the p-type region. Transit time could be reduced by 
decreasing the width of the space-charge layer; however, this would result in a 
loss in quantum efficiency and increased junction capacitance. We chose 
wq = 4 pm here because it is greater than 1/a and gives a 10-GHz RC roll-off 
frequency for a 100-pm-diameter photodiode. Judging from the step response 
shown in figure 8, a 10-GHz bandwidth (which requires a 30-psec rise time) does 
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not appear possible in a 10.6-Mm HgCdTe photodiode. The fundamental bandwidth 
limit will be about 5 GHz. However, since the shot noise spectra is also 
influenced by transit time (ref. 24) (both the signal and the shot noise will 
roll off between 5 and 10 GHz), reasonably good sensitivity (1 x 10“19 W/Hz) may 
be possible at 10 GHz in an optimized device. 


LONG -WAVELENGTH PHOTODIODES 

In figure 9 is shown the reverse-bias I-V characteristic calculated for 
100-pm-diameter, 0.035-eV n"-p photodiode at 40K with n" = 2 x 10^^ cm"3. For 
the case of Auger-limited lifetimes (refs. 16 and 23) used here, the dominant 
diffusion component is from the p-type side and given by 

Id = A (ni2/p) e(De/Le) (7) 

where A is the photodiode area. As seen from figure 9, this current is small 
(~0.1 A/ cm2) at 40K. The tunnel current Ij shows a characteristic soft break- 
down. The magnitude of ly is not a problem for V < 100 mV; however, for the 
impedance dV/dl to be greater than 50 Ohms, the bias must be below about 60 mV, 
where wq = 0.7 urn. Since 1/a ^10 iim, essentially all of the photocarrier gen- 
eration takes place in the p-type region. In a thick photodiode, the frequency 
response limited by electron diffusion is approximately a2oe (ref. 24), which 
for T = 40K, ue = 50 000 cm2/v-sec and a = 1000 cm"l,is about 250 MHz. A dif- 
fusion-limited bandwidth of 1 GHz could be obtained by thinning the p-type 
region to about 3 pm. With a reflecting contact to increase the absorption, a 
quantum efficiency of 40% should be possible. However, a very important 
question remains. The minority electron mobility pg ''s expected to be a func- 
tion of hole concentration. Can pg = 50 000 cm2/v-sec be obtained with p = 
1 X IQIS cm"3 in 0.035-eV HgCdTe ? A concentration much less than this will be 
susceptible to strong ambi polar effects. If these parameters are consistent, 
then an NEP of about 5 x 10“20 W/Hz at 1 GHz should be possible at 30 pm. 


ELEVATED -TEMPERATURE PHOTODIODES 


There has been great interest in developing CO 2 laser photomixers operating 
at temperatures in the region of 200K where thermoelectric coolers are 
convenient, reliable and reasonably efficient. At elevated temperatures, 
narrow-energy-gap photodiodes are subject to very high dark current in reverse 
bias due to diffusion, drift and/or tunneling. If the minority-carrier recom- 
bination times in a 0.1-eV photodiode are Auger-limited (refs. 16 and 23), then 
electron-diffusion current from the p-side of the junction is the dominant dif- 
fusion component and relatively independent of p. In the Auger limit, Tg varies 
as l/p2 (see reference 23). In figure 10 is shown this diffusion current 
(calculated from equation 7) as a function of temperature for energy gaps of 
0.11 eV and 0.14 eV, corresponding to a = 1000 cm"I at 11 pm and 9 pm (ref. 25), 
respectively. Also shown are data taken on a photodiode with a cutoff wave- 
length of about 9 pm at 185K, which are in reasonable agreement with these 
calculations. Diffusion current can be reduced by thinning the p-type region 
in order to limit the diffusion volume (ref. 19). However, diffusion-current 
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values below these curves in figure 10 are yet to be reported. Also, this 
simple theory is not strictly valid at these very high current densities 
(~100 A/cm2) . If either n or p is close to the value of n-j , a large component 
of drift current also flows across the junction; whereas if n and p are both 
much greater than n-j, tunneling current becomes excessive at even very low 
biases. In both of these cases, the calculated maximum reverse-bias resistance 
of a 200K 0.12-eV HgCdTe photodiode is only a few ohms. The frequency response 
at high temperatures of an optimally designed shal low- junction n-p photodiode is 
determined by minority -electron diffusion, which is in the strong ambipolar 
regime. Here, as seen from equation 5, Dg approaches 2 De/b and the absorption- 
limited diffusion time increases into the range of 10 to 50 nsec. Faster 
response can be achieved by heavily doping the p-type region and reducing the 
lifetime of the minority electrons, but this is at the expense of quantum 
efficiency. 

At 173K,we have measured an NEP of 4 x 10"19 \i/\\z at 9.3 pm for a 90-MHz 
photodiode, and an NEP of 8 x 10“!^ W/Hz at 10.6 pm has been reported (ref. 26) 
also at 173K for a 23-MHz device. With further development, NEPs approaching 
1 X 10"19 w/Wz and bandwidths approaching 100 MHz should be realized in 180K 
photodiodes. This performance will be very sensitive to temperature, however. 


p-TYPE HgCdTe PHOTOCONDUCTORS 


As the performance of HgCdTe photodiodes degrades with increasing temper- 
atures, the p-type HgCdTe photoconductor becomes very attractive as a 
moderately-wide -bandwidth C 02 -laser photomixer. In this device, the bandwidth 
and photoresponse are determined by the lifetime ^nd mobility pg of the mi- 

nority electrons. In addition, the resistance can be reasonably high at 200K 
due to the low mobility of holes. In order to obtain quantum-noise-limited per- 
formance in a p-type photoconductor (NEP = 2 hvE/i?), the LO power must be such 
that ( 1 ) the density of photoelectrons greatly exceeds the background minority 
electron density (n-j2/p) and (2) the associated g-r noise greatly exceeds the 
Johnson or thermal noise 4kT/R of the detector and preamplifier (ref. 24). Both 
of these requirements are very sensitive to n-j,pg, and rg. The dashed curve in 
figure 11 shows the photoconductor bandwidth ( 2 iTrg)"l determined from the calcu- 
lated Auger-limited lifetime (ref. 23) as a function of hole concentration at 
200K for 0.12-eV HgCdTe (n^ = 1 x 10l° cm~3). using this theoretical lifetime 

and assuming pg = 10 000 cm^/V-sec, we have calculated (unpublished work of D. L, 
Spears, P. E. Duffy, and C. D. Hoyt) the LO power required in order to achieve a 
photoelectron concentration equal to the background electron concentration and 
a g-r noise equal to the thermal noise. These values of Plq are a strong func- 
tion of p as shown by the solid curves in figure 11. A minimum in the calcula- 
ted LO power occurs for p = 3 x 10^6 cm"3^ with a corresponding bandwidth of 
12 MHz. Note, for a 100 MHz bandwidth, the calculated CO 2 LO power is about 
10 mW. The over-lOO-mW requirement at 1 GHz is unreasonable, as excessive heat- 
ing (AT > lOOK) would surely occur in these small-area (100 ym x 100 ym) devices 

P-tvpe photoconductors we have fabricated have shown a 9 .3-pm NEP of about 
2 X 10"!^ W/Hz at 38 MHz at 200K, with a bandwidth of over 50 MHz and a LO power 
requirement of 7 mW. Other devices with bandwidths in excess of 


150 MHz have shown NEPs better than 4 x 10"19 W/Hz at ZOOK. With the optimum 
geometry, energy gap, and hole concentration, we expect that an NEP of 
about 1 X 10“!^ W/Hz at 100 MHz could be achieved in a 200K photoconductor with 
a total power dissipation of 10 mW, which is compatible with a 1-watt TE cooler. 
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Figure 3.- Cross section of n^n p HgCdTe photodiode showing absorption 
profile at 10.6 (Jm and drift and diffusion parameters at 77 K. 



Figure 4.- Calculated optical absorption coefficient as function of 
wavelength for HgCdTe with energy gaps of 0.1 and 0.035 eV. 
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Figure 5.- Calculated junction depletion width at tunnel current density 
of 1 A/cm^ as function of carrier concentration for one-sided abrupt 
junctions in HgCdTe with energy gaps of 0.1 and 0.035 eV. 
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Figure 6.- Intrinsic carrier concentration as function of temperature for 
HgCdTe with energy gaps of 0.1 and 0.035 eV (ref. 22). 
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Calculated steady-state minority electron distribution in n-p 
HgCdTe photodiode for typical LO flux level . 



Figure 8.- Calculated step response of two reverse-biased n'*'n p HgCdTe 
photodiodes (assuming RC = 0) showing transit time delays. 





Figure 9.- Calculated reverse-bias I-V characteristic for 30-ym HgCdTe 

photodiode at 40 K. 
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Figure 10.- Calculated diffusion current as function of temperature for 
HgCdTe photodiodes with energy gaps of 0.11 and 0.14 eV, along with 
data for S-yrn photodiode. 
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INFRARED HETERODYNE RECEIVERS WITH IF RESPONSES APPROACHING 5 GHz* 


J.M. Wolczok and B.J. Peyton 
Eaton Corporation, AIL Division, Melville, NY 11747 


SUMMARY 


Laser probing of high density tokamak plasmas has led to the development 
of specialized coherent 10.6 ym Infrared receivers with IF frequency responses 
approaching 5 GHz. CO 2 lasers are employed for these applications because 
of their availability, stability, and high average-power levels. The use of a 
high-power laser probing source and a highly scattering plasma requires the 
use of a photomixer which can detect weak laser signals in the presence of 
high stray-laser levels. Accordingly, heterodyne receivers which employ 
extrinsic photoconductive Ge:Cu(Sb) mixers have been developed for measure- 
ments of CO 2 laser scattering to determine: (1) the driven lower-hybrid 

wave density fluctuations, and (2) the plasma ion temperature of dense 
tokamak plasmas . 

The liquid helium cooled Ge:Cu(Sb) detectors are operated in a high 
photogain mode in which the photomixer impedance is approximately 1200 ohms. 
This paper reports on IF impedance matching techniques which are aimed at 
optimizing: (1) the power transfer between the photomixer and the IF pre- 
amplifier, and (2) the receiver sensitivity over the IF frequency range of 
interest. In particular, cooled 1200 to 50 ohm Impedance matching networks 
have been employed to optimize heterodyne receiver performance. Although 
this work has been carried out with Ge : Cu photomixers, these IF impedance 
matching techniques are also applicable to other wideband infrared photomixers, 
such as PV:HgCdTe. 

Two relatively narrow band 10.6 ym heterodyne receivers with IF center 
frequencies near 2.5 and 4.6 GHz have been developed for lower-hybrid wave 
density fluctuation measurements in tokamak plasmas. The 2.5 GHz response 
heterodyne receiver provides an NEP of 2 X 10“^^ W/Hz for an applied dc 
bias power of 104 mW, while the 4.6 GHz response heterodyne receiver provides 
an NEP of 4.4 X 10“^^ W/Hz for an applied dc bias power of 150 mW. A 
broadband 10.6 ym heterodyne receiver has also been developed for remote ion 
temperature measurements of a tokamak plasma. This receiver operates over the 
200 to 1300 MHz IF frequency range and provides an NEP as low as 1.5 X 10”^^ 
W/Hz with an applied dc bias power of only 60 mW. 


*This work was supported by the United States Energy Research and Development 
Administration. 
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PLASMA PROBING 


CO 2 laser scattering of quasi-free electrons in a dense tokamak plasma 
(ref. 1) permits the remote determination of: (1) the amplitude and spectral 
and spatial distributions of driven lower-hybrid wave fluctuations (ref. 2 and 
3), and (2) the plasma ion temperature (ref. 4 and 5). The use of a 100 W CW 
CO 2 laser radiation results in a forward scattering angle of about 1° and a 
relatively large amount (1 to 3 mW) of stray laser radiation at the Infrared 
detector. However, the overall heterodyne sensitivity is relatively 
unaffected by the stray laser radiation because the diagnostic receiver 
utilizes: (1) transmitter and local oscillator (LO) sources which operate at 
the same frequency, and (2) an extrinsic photoconductive mixer which utilizes 
an Incident laser LO level of between 50 and 100 mW (ref. 6). (It has also 
been suggested (ref. 7) that CO 2 laser diagnostics will permit the remote 
measurement of the poloidal-f ield in a tokamak plasma.) 

An important method of heating tokamak plasma involves the application of 
RF energy which generates lower hybrid waves that propagate to the center of 
the plasma and deposit energy into the ions and electrons (ref. 3). At the 
MIT Alcator tokamak, 50 kW of CW microwave radiation is coupled into the core 
at a plasma wave resonant frequency of 2.5 (or 4.6) GHz (ref. 2). A coherent 

100 W CO 2 laser beam probes the plasma to determine the depth of the RF 

energy penetration and a wideband heterodyne receiver has been developed for 
plasma diagnostic measurements. A microwave antenna is used to direct the RF 
radiation toward the plasma. Two CO 2 beams (a 100 W transmitter and a 1 W 
LO) from a common laser source are coupled into the plasma at right angles to 
the microwave radiation (fig. 1). The two laser beams are adjusted to cross 
in a small spatial cross-section (1 mm X 1 mm) of the plasma (ref. 8). The 

interaction of the microwave radiation and the transmit laser beam in the 

nonlinear plasma results in both a spatial and Doppler spectral shift in the 
tramsitter laser radiation. The shifted laser beam and the unshifted laser LO 
beam are spatially aligned to fall on the wideband photomixer. The measured 
intensity of the frequency shifted (2.5 or 4.6 GHz offset) laser beam across 
the plasma provides information on the RF mismatch at the turbulent 
vacuum-plasma boundary layer, and the measured frequency spread of the shifted 
laser beam provides information on the boundary layer physics. 

The ion temperature measurement setup employs a pulsed CO 2 laser beam 
with a peak transmit power level near 5 X 10^ w. From a single particle 
perspective, the electrons radiate a Doppler shifted frequency which is 
related to its velocity compared to the incident and scattered laser beams. 

The average of all such scattering events leads to a scattered spectrum whose 
width is related to the plasma ion temperature. The actual average Doppler 
shift is due to the ion motion in the plasma rather than the electron motion 
because the laser scattering is from the electron shield that surrounds each 
ion. The width of the scattered spectrum in the 300 to 1300 MHz frequency 
range is determined using IF channelizer techniques. 
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HETERODYNE RECEIVER DESIGN 


The sensitivity (NEP) and the available conversion gain (G) for an 
infrared heterodyne receiver which uses an extrinsic photoconductive mixer are 
given (ref. 9) by 
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where h is Planck's constant, u is the infrared frequency, B is the IF band- 
width, n is the photomixer quantum efficiency, k is Boltzmann's constant, 

T is the photomixer temperature, T' is the effective IF amplifier noise fig- 
m ir 

ure, C is the IF impedance matching efficiency, q' is the effective heterodyne 
quantum efficiency, q is the electronic charge, V is the mixer bias voltage, 

T is the photomixer carrier lifetime, T is the photomixer transit time, and 
w is the angular IF frequency. 


Optimum heterodyne receiver performance is achieved by minimizing the 
thermal noise term in equation (1). This term can be minimized by: (1) using 
a low noise IF preamplifier, (2) increasing the photomixer gain, and (3) maxi- 
mizing the impedance matching efficiency by using a matching network. 

The photomixer conversion gain [equation (2)] can be increased by increas- 
ing the applied dc bias voltage. However, the photomixer must be operated in a 
linear portion of its current-voltage (I-V) characteristic. It should be noted 
that the photomixer transit time varies directly with the photomixer Interelec- 
trode spacing and inversely with the applied bias voltage. The (1 + 0)2 x2)-l 
term in equation (2) represents the finite photomixer IF frequency response. 


The photomixer IF output resistance, R^ , is given (ref. 8) by 
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where L is the photomixer interelectrode spacing, p is the mobility of prin- 
cipal carriers, and is the incident laser LO power. As can be seen, the 

photomixer IF output resistance varies inversely as the square of the photo- 
mixer interelectrode spacing. Accordingly, a photomixer height of L = 250 pm 
was selected for the plasma probing applications to: (1) ease the impedance 
matching network requirements, and (2) increase the photomixer gain by decreas- 
ing the photomixer transit time. 
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Substituting equation (3) into equation (2) , the photomixer conversion 
gain is 
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From equations (3) and (4) , the photomixer gain and the photomixer 
resistance both increase inversely with LO power. Therefore, a tradeoff is 
required to select the Incident laser LO power level which will result in 
sufficient overall photomixer gain and a photomixer resistance which can be 
efficiently matched to the 50-ohm IF preamplifier. The photomixer resistance 
is typically 12 megohms with no incident LO power and is reduced to approxi- 
mately 1200 ohms with applied laser LO power. A cooled microwave impedance 
matching network is used to obtain nearly optimum power transfer between the 
photomixer and IF preamplifier over the IF frequency range of interest. 


Ge:Cu(Sb) PHOTOMIXERS 


As has been mentioned, wideband extrinsic germanium photomixers are used 
for CO^ laser plasma probing diagnostics because the stray laser radiation 
would saturate and possibly damage available wideband PVtHgCdTe photomixers. 
Measured carrier lifetimes of Ge;Au and Ge:Cu photomixers are given in fig- 
ure 2. As can be seen, the carrier lifetime varies with donor concentration 
and applied electric field (ref. 10, 11, and 12). Typical Ge:Cu character- 
istics for a highly doped photomixer which exhibits wideband performance are 
given in table I. To our knowledge, this photomixer cutoff frequency (set by 
the carrier lifetime) is the highest value reported for Ge:Cu(Sb) photomixers. 
The photomixer IF response is flat to 300 MHz, 3-dB down at 800 MHz, and lO-dB 
down at 2500 MHz. 

The measured photomixer I-V characteristic (fig. 3) demonstrates that an 
applied voltage of 15 volts, and above, can be used in the positive biasing 
direction to maximize the photoconductlve gain [equation (2)]. For hetero- 
dyne receiver operation at lower IF frequencies, special attention must be 
given to minimize the contact (1/f) noise at high bias levels by utilizing 
good ohmic contacts. 


IF IMPEDANCE MATCHING 


It has been demonstrated (ref. 10) that wideband infrared receivers which 
have impedance mismatches between the photomixer output and the IF preamplifier 
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will exhibit significant variations in sensitivity with changing IF frequency. 
These sensitivity variations are exaggerated by the use of a fixed (50 ohm) 
impedance transmission line between the photomixer and IF preamplifier. A 
previously developed (ref. 13) wideband IF preamplifier was mounted in a liquid 
nitrogen (Tjjj = 77K) Dewar flask and Interfaced directly with a PVrHgCdTe photo- 
mixer. The cooled IF preamplifier utilized an input impedance matching network 
and operated over the 10 to 2200 MHz frequency range. 


Cooled preamplifiers are not suitable for laser plasma probing applica- 
tions because they presently do not operate at the liquid helium temperature 
levels (T^ = 4.2K) of extrinsic germanium photomixers. Therefore, cooled 

impedance matching networks have been developed which transform the photomixer 
impedance to approximately match the 50-ohm Impedance characteristics of the 
Interconnecting transmission line and the IF preamplifier. A microwave net- 
work analyzer is employed to determine the real and imaginary components of the 
photomixer Impedance in its operating mode. A cooled microwave matching net- 
work which operates over the IF band of interest is then designed and incor- 
porated between the photomixer output and the input to the 50-ohm preamplifier 
for maximum IF power transfer. A cooled impedance matching network for Ge:Cu 
photomixers was previously developed (ref. 14) for CO^ laser radar applica- 
tions . 

A typical matching network for a photomixer with = 1200 ohms* and 

C = 0.05 pF (fig. 4) utilizes a multipole filter and a quarter-wave trans- 
former type microstrip circuit on an alumina substrate. The cooled matching 
circuit connects directly to the photomixer. A Kovar housing is employed be- 
cuase of: (1) its similarity to the thermal characteristics of alumina, and 
(2) its low thermal expansion. These factors are important because of the 
large amount of temperature cycling that is required between room temperature 
and liquid helium temperature over a 6 to 12 month test period. A typical 
block diagram of the CO^ laser heterodyne receiver is given in figure 5 and a 

photograph of the receiver package is shown in figure 6. An RFI shielded en- 
closure and a fiber optic data link are used to minimize RF pickup in the 
infrared receiver. 


RECEIVER SENSITIVITY MEASUREMENTS 


The receiver sensitivity (NEP) has been determined using: (1) an indirect 
g-r noise measurement technique, and (2) a direct signal-to-noise ratio (SNR) 
measurement using a blackbody source. The noise measurement technique con- 
sists of irradiating the photomixer with the laser LO and measuring the g-r 


* For a 50-ohm IF preamplifier, this represents a VSWR of 24:1. The VSWR is 
the ratio of the reflected and transmitted waves. Maximum power transfer 
occurs for VSWR = 1:1. 
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noise and the receiver thermal noise as a function of applied dc bias (ref. 9) 
The direct SNR measurement technique (ref. 15) utilizes a spectrally broadband 
blackbody source and a single frequency laser LO in a heterodyne configuration 


1300-MHZ RECEIVER 


The measured heterodyne sensitivity and matching network performance as a 
function of IF frequency for the 1300-MHz response receiver is given in fig- 
ure 7. The impedance matching network provides a VSWR of 3:1 between the 
photomixer and the IF preamplifier over the 400 to 1500-MHz band (fig. 7) and 
the measured receiver NEP is less than 2 x 10“^^ W/Hz over the 300 to 1300 MHz 
IF frequency range for an applied bias voltage of 10 volts. The upper end of 
the measured heterodyne response (fig. 7) is limited by the IF amplifier gain 
roll-off. 


2500-MHZ RECEIVER 


The measured heterodyne sensitivity and matching network performance as a 
function of IF frequency for the 2500-MHz response receiver is given in fig- 
ure 8. The impedance matching network provides a VSWR of 1.5:1 between the 
photomixer and the IF preamplifier over the 2100- to 2300-MHz band. As can be 
seen, an NEP -2 x 10“^^ W/Hz was obtained at an IF = 2.3 GHz ± 200 MHz and the 
data is in good agreement for the two measurement techniques. 

Improved heterodyne receiver sensitivity and higher photomixer gain can 
be obtained by increasing the dc bias power at the photomixer (equations (1) 
and (4)). The maximum applied dc bias power = 350 mW) is fixed by the 

diameter of the gold wire between the photomixer and the impedance matching 

network. Receiver sensitivity measurements as a function of dc bias power 

resulted in a receiver NEP improvement from NEP = 2 x 10“39 w/Hz for 

P^ = 100 mW, to NEP = 1.35 x 10-19 w/Hz for P , = 250 mW. 

dc dc 


4600-MHZ RECEIVER 

The measured heterodyne sensitivity and matching network performance as a 
function of IF frequency for the 4600-MHz response receiver is given in fig- 
ure 9. An NEP of 4.4 x 10-19 W/Hz was obtained at an IF of 4.5 GHz for 

P, = 150 mW and the IF heterodyne sensitivity is in good agreement with the 
dc 

spectral characteristics of the impedance matching network. 
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CONCLUSION 


The use of selected wideband germanium photomixers and cooled impedance 
matching networks has permitted the development of high sensitivity heterodyne 
receivers with IF responses of 1.3, 2.5, and 4.6 GHz. The heterodyne receivers 
use microwave techniques to optimize the infrared performance over a specific 
IF frequency interval and have achieved effective heterodyne quantum efficien- 
cies of: (1) q ' = 30% at IF's which are three times the photomixer 3-dB cutoff 
frequency, and (2) q' = 8.5% at IF's which are about six times the photomixer 
3-dB cutoff frequency. 

The resultant infrared heterodyne receivers have permitted unique CO^ 

laser diagnostic probing measurements of tokamak plasmas. Some initial mea- 
surements have resulted in the determination of the penetration depth of the 
RF heating source and information which is being used to model the interaction 
mechanism at the turbulent plasma boundary (ref. 3) . Plasma ion temperature 
measurements are presently in progress. 

Heterodyne operation at higher IF frequencies, as well as other diagnostic 
applications, are presently being investigated. The reported impedance 
matching techniques are believed to be applicable at IF frequencies as high as 
8 GHz. In addition, the IF impedance matching techniques are applicable to 
other types of infrared photomixers. 
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TABLE I. MEASURED Ge:Cu(Sb) PHOTOMIXER CHARACTERISTICS 


Mixer operator temperature, T^ 4.2K 

Electric field, E 500 V cm 

3-dB cutoff frequency, f^ 800 MHz 

Power handling capabiltity 500 mW 

Carrier lifetime, x 2 x 10 sec 

Mixer dc resistance, R 1200 ohms (with LO 

° applied) 

Quantum efficiency, q 0.55 

Photo gain, x/T 0.011 
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CARRIER LIFETIME, r (s) 



Measured variation of carrier lifetime with doner con 
for extrinsic germanium photoconductors. 
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Figure 3.- I-V characteristics of Ge:Cu(Sb) photomixer. 
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B. PHOTOMIXER/MATCHING NETWORK MOUNT 



Figure 4.- Cooled mixer impedance matching network for 2.5-GHz 
infrared heterodyne receiver. 




Figure 5.- CO 2 laser infrared heterodyne receiver for lower 
hybrid heating diagnostics. 
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Figure 6.- Packaged infrared heterodyne receiver for lower 
hybrid heating diagnostics. 
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Figure 7.- Measured NEP and matching network performance versus IF 
frequency for 1300 MHz response infrared heterodyne receiver. 
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Figure 8.- Measured heterodyne receiver sensitivity versus IF frequency . 
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Figure 9.- Measured NEP and matching network performance for 4600 MHz 
response infrared heterodyne receiver. 
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FAR INFRARED HETERODYNE SYSTEMS 


P. E. Tannenwald 

Lincoln Laboratory,* Massachusetts Institute of Technology 
Lexington, Massachusetts 02173 


ABSTRACT 


Three far infrared detectors, the InSb hot electron bolometer, the GaAs 
Schottky diode and the Josephson point contact junction, have been incorporated 
as mixers into sensitive heterodyne systems. The performances of existing 
heterodyne receivers/radiometers using these detectors are described and 
compared. Other applications of submillimeter heterodyne techniques are 
discussed • 


I . INTRODUCTION 


Over the last few years three far Infrared detectors (ref. 1) have been 
developed into useful mixers that are presently being used in a number of 
applications: InSb, the GaAs Schottky diode, and the Josephson junction. 

InSb, which acts by way of a hot electron mechanism, has shown itself to be a 
highly sensitive heterodyne detector between 1 mm and 600 //.m. Its very low LO 
requirement permits a variety of tunable klystron harmonics to be used, and the 
needed low temperature environment has not been particularly troublesome. 

InSb's outstanding limitation is its slow relaxation time (10“^ sec), leading 
to a quite narrow IF bandwidth of 1-2 MHz. 

The GaAs Schottky diode has proved to be a highly useful room temperature 
mixer over a wide spectral range with exceedingly broad band IF capability 
limited to 40 GHz only by IF circuit parameters (ref. 2). In the millimeter 
region it has been engineered to a high state of perfection in low noise 
receivers and radiometers, while at submillimeter wavelengths it is just 
becoming a practical mixer when used in conjunction with quasi-optical 
techniques. For example, figure 1 shows the design of the Lincoln Laboratory 
quasi-optical diode mount that covers the range 1 mm to 100 jxvi with 
appropriately scaled antenna lengths (see ref. in table I, Fetterman et al.) 

At the lower frequencies the mixer design problem is relatively much easier 
inasmuch as waveguide techniques can be employed, and harmonics of tunable 
klystrons can be used as local oscillators. At far infrared wavelengths, the 
much more cumbersome optically pumped far infrared lasers are used as LOs, and 


*Supported in part by the U. S. Army Research Office and the Department 
of the Air Force. 
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their fixed frequency output makes the wideband IF capability of the Schottky 
diode imperative. 


The superconducting point contact or Josephson junction (JJ) is also just 
being readied as a mixer in radiometers for field experiments. The planar 
superconductor- insulator-superconductor (SIS) junction has not yet been 
operated beyond mm frequencies (ref. 3). JJ receiver systems have excellent 
sensitivity, but their operational restriction to liquid He temperature and the 
attendant temperature recycling could be troublesome. One great advantage of 
JJs is their exceedingly low LO requirement. They have a moderate IF bandwidth 
of around 100 MHz. 


II. FAR IR HETERDOYNE RADIOMETERS /RECEIVERS 


Table I lists all the currently operational heterodyne radiometer/ 
receiver systems from 1.3 mm (230 GHz) to 119 /xm (2521 GHz). The dots (•) 
denote that the detector was cooled. Some estimates and interpolations were 
made from the information reported in the literature in order to achieve 
moderate compactness of the data. 

The DSB systems noise temperatures from table I are plotted in figure 2 
as a function of wavelength. The solid or half-solid points represent low tem- 
perature measurements, the open points room temperature operation. The range 
of currently reported best values of DSB system temperature at 3 mm for both 
cooled (solid bar) and uncooled (open bar) mixers are also shown for compari- 
son. For room temperature mixers there is a roughly linear trend with unity 
slope; there is no fundamental basis for this, but it is nevertheless an 
Interesting guide, especially since all the room temperature mixers are GaAs 
Schottky diodes. 

The plot shown in figure 2 makes no allowance for the instantaneous band- 
width available with each detector tdien estimating signal-to-nolse ratios 
obtainable from observation of sources whose spectral features are moderately 
broad. To the extent that the observed object exceeds 1 MHz in spectral width, 
performance of the broad band Schottky diodes increases proportionally as com- 
pared with the 1 MHz wide InSb detectors. In other words, in the InSb case a 
single post-detection channel must be scanned sequentially across the spectral 
line, while with the Schottky diode the broad band IF can feed a multi-channel 
filter bank, thus integrating over the whole spectral feature simultaneously. 

Of course, if the signal intensity is so small as to give only a marginally 
usable S/N ratio with InSb, then no spectral characteristics would be re- 
solvable with Schottky diodes. This is especially true at the very short 
wavelengths where optically pumped lasers must be used as LOs, and the system's 
stability over long integration times has yet to be demonstrated. In the case 
of superconducting junctions, with their "^100 MHz bandwidth, the situation 
falls somewhere in between, but closer to the Schottkys. 
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III. OTHER HETERODYNE APPLICATIONS 


Tunable Far Infrared Sources 


Low power ( ~10“7 W) tunable sources are now available throughout the sub- 
millimeter region by means of tunable sideband generation. In such schemes a 
tunable millimeter klystron or tunable microwave source is mixed with a fixed 
frequency optically pumped far Infrared laser in a GaAs Schottky diode (refs. 

4, 5). The narrow linewidths of these sideband sources make them quite suit- 
able for far Infrared spectroscopy. In one particularly sophisticated arrange- 
ment, shown in figure 3, the detector in the far IR spectrometer consists of a 
complete heterodyne receiver that utilizes as LO the same laser with which the 
source sidebands are generated (ref. 5). 


Planar Diode Technology 

In the next generation of Schottky diode detectors, discrete whisker con- 
tact diodes will be supplanted by a new type of device — the planar, surface- 
oriented Schottky diode. This device is fabricated by means of photolitho- 
graphic techniques in conjunction with ion implantation and proton bombardment 
(ref. 6). Figure 4 shows a simplified sketch of a whisker contact diode and a 
planar diode. The surface-oriented character of the planar diode is clearly 
evident in that both ohmic connecting contacts are brought out in the same sur- 
face plane. A photomicrograph of a single diode is shown in figure 5, one of 
many devices made on a single GaAs chip. Although the sensitivity of planar 
diodes is presently limited by inefficient coupling of radiation into them, 
they are used routinely in high-order harmonic mixing and direct heterodyne 
experiments between 1 mm and 100 /xm. They are more rugged and reliable, and 
ultimately will lend themselves to mass fabrication of integrated antennas, 
mixer diodes and IF amplifiers on the same chip, and to array configurations 
for heterodyne imaging in the far infrared. 

Frequency Standards 

It is generally desirable to measure frequencies of visible lasers in 
terms of microwave standards. This has been possible with the metal-oxlde- 
metal (MOM) diode, which can mix visible lasers with harmonics of far IR lasers, 
which in turn are locked to microwave standards (ref. 7). Two Improvements 
over such a scheme would be advantageous: a replacement of the MOM diode by a 

more reproducible and stable mixing element, and the elimination of the chain 
of intermediate far IR lasers. 

One step in such a direction has been the mixing of a He-Ne laser with a 
cw dye laser with approximately 80 GHz frequency offset in a reverse-biased 
GaAs Schottky diode (ref. 8). The beat frequency detector in this case was a 
sensitive 80 GHz heterodyne receiver. Thus large frequency differences between 
lasers emitting in the visible can be determined with the high accuracy inher- 
ent in heterodyning techniques. 
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Another step has been the high-order harmonic mixing of a stabilized X- 
band source with a far IR laser in a planar Schottky diode — e.g., most 
recently the 145th harmonic of 12 GHz with a 170 yum formic acid laser (ref. 9). 
The desirability of extending this to 10 yum or even 1 yum is obvious. 

Finally, it has been possible to extend the GaAs diode mixer operation up 
to 30 THz (ref. 10). Two laser lines in the 10 /urn regime from a single stabi- 
lized laser cavity, which Included two cells filled with CO 2 and isotopic CO 2 , 
respectively, were mixed in both whisker point contact and planar diodes. Fig- 
ure 6 shows the heterodyne signal produced at 15.6 GHz, with second heterodyn- 
ing with a microwave LO down to a 50 MHz IF taking place either in the Schottky 
diode itself or in an external microwave mixer diode. Further experiments are 
underway to clarify the mixing process at these high frequencies, which could 
be RC roll-off of thermionic emission or perhaps field emission. 


IV. SUMMARY 


Three far infrared heterodyne detectors have been developed into useful 
mixers that are presently being used in radio astronomical experiments and 
other applications. The lowest system noise temperatures have been obtained 
with the liquid helium cooled InSb hot electron bolometer. Its principal 
drawback is the narrow IF bandwidth of 1-2 MHz Imposed by the slow electron 
relaxation time. The superconducting point contact or Josephson junction will 
probably approach this performance, with somewhat less convenience and perhaps 
less reliability, but with 100 MHz bandwidth. Both InSb and the JJs require 
extremely little LO power (microwatts). 

The exceedingly impressive performance obtained earlier from GaAs Schottky 
diodes at 3 mm [room temperature T (system) DSB ~ 300°K; cooled T (system) DSB 
200° K] is gradually being extended to shorter wavelengths [at 1 mm, T (system) 
DSB ~ 2000 K] . The two principal advantages of GaAs Schottky diode mixers are 
room temperature operation and, inherently, unlimited IF bandwidth. Further 
extension of Schottky diode mixers in heterodyne systems to wavelengths as 
short as 119 /um has also been recently accomplished using quasi-optional 
techniques, with performance falling off roughly linearly with increasing 
frequency. In order to fully utilize these advances in detector technology for 
various radiometric applications, it is now desirable to achieve equal 
progress in the devlopment of tunabe far infrared LOs, especially solid state 
sources . 
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Figure 1.- Quasi-optical 90°-corner reflector diode mount. 



Figure 2,- Performance of operational heterodyne receiver/radiometer systems 
above 230 GHz. The solid (#) or half-solid ( 0 , 0 ) points represent low 
temperature results. The ranges of the best 100 GHz room temperature (II) 
and low temperature receivers (I) are also shown. 


SUBMILLIMETER 
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Figure 3.- Sketch of tunable sideband submil lime ter spectrometer. Sideband generator 
and heterodyne receiver each use a Schottky diode mixer. In the particular example 
shown, CO 2 laser excites molecules under study in absorption cell while timable 
submillimeter radiation provides high resolution spectrum of excited state - 
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OHMIC CONTACT 


SCHOTTKY BARRIER CONTACT 


CONDUCTING 

GaAs 



(b) 


Figure 4.- Sketch of whisker contact diode (a) and planar diode (b) . In planar diode 
both ohmic contacts are brought out in same surface plane. 
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Figure 6.- Beats between two CO 2 lasers in the 10 ym regime obtained with a GaAs Schottky diode. 
Second down-conversion to a 50 MHz IF is produced either in the Schottky diode itself or in 
an external microwave diode. 


BULK SUBMILLIMETER-WAVE MIXERS: STRAIN AND SUPERLATTICES 


M. M. Litvak and H. M. Pickett 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 91103 


SUMMARY 


Strained germanium crystals, doped with gallium, are used as heterodyne 
mixers at THz frequencies, with IF bandwidths approaching a GHz. The mixer 
performance (conversion loss and mixer noise) is analyzed in terms of non- 
linearities associated with acceptor levels and with relaxation rates of free 
holes. Comparison is made with similar mixers employing low-lying donor 
levels in high-purity GaAs and with hot-electron InSb mixers. 


INTRODUCTION 


Stress has been used to tune the photoconductive response of lightly Ga- 
doped Ge bolometers in the far infrared over the range 50 to 100 cm“^ (100 
to 200 pm) (ref . 1) . 

The degeneracy of the valence band edge (fig. 1) and of the acceptor 
ground levels is lifted by the strain (ref. 2). The acceptor binding energy 
decreases with compressive strain (ref. 3). The split-off component of the 
band edge that is higher in the gap dominates the character of the hole motion. 
That is, for large strains the acceptor ground level wave function is a super- 
position of wave functions for the energy-raised part of the valence band. 

The effect of the wave functions of the energy-lowered part is small for 
stresses approaching 10^ kg/cm^. For somewhat weaker stress, the binding energy 
is given by E (s) = Gq + ei/S, where Eq = 4.9 meV, = 8.64 eV-kg/cm^ and S is 
the stress in kg/cm^. 

The mechanism for mixing in n-InSb is the power dependence of the mobility 
(ref. 4). The mobility is temperature dependent, mainly due to momentum- 
changing collisions of electrons with ionized impurities. The temperature 
increases with the absorbed power. This power contains the usual contribution 
that oscillates at the beat frequency between the signal and local-oscillator 
frequencies. The response time is the energy relaxation time of hot electron 
energy to the lattice, which time is 10~7s. This corresponds to an IF band- 
width of ~3 MHz (FWHM) . 

Extensive far-infrared spectroscopy (ref. 5) and mixing experiments 
(ref. 6) have been done in high-purity n-GaAs. The main mechanism for mixing 
has been via the modulation of the density of conducting electrons upon 
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photoionization of the low-lying donor levels. This photoionization might arise 
from a two-step process of photoexcitation to an excited, bound level of the 
donor, followed by rapid thermal (or near thermal) ionization by acoustic 
phonons at 4K, with little carrier heating. The time response is the capture 
relaxation time of the conduction electrons by the ionized donors, which time 
is 10~^s (about ten times shorter than for InSb) . This corresponds to an 
IF bandwidth of 30 MHz (FWHM) . This time and bandwidth depend upon the 
density of capture centers, as determined by the doping, the degree of compen- 
sation, the temperature, and the amount of photoionization. 

Heterodyne mixing between the signal and local oscillator (LO) at THz 
(10l2 Hz) frequencies is detected in the photocurrent collected with an applied 
bias voltage. The mixing is accomplished mainly through modulation of the 
free-carrler density. The free carriers appear from the photoionization of the 
Impurity ground level. For acceptors (Ga) , the bound holes are excited to 
the valence band by absorption of the combined signal to be measured and the 
LO. See fig. 2. The modulation has a frequency (IF) equal to the difference 
of frequencies of these two sources. 

The depth of modulation rapidly decreases when the IF (in s ^) exceeds the 
inverse-response time of the carrier density. This response time is mainly the 
hole capture (recombination) time owing to ionized acceptors. The Coulomb-like 
capture cross sections are very large at low temperatures. Compensation by 
donors assures the presence of ionized acceptors despite the tendency for 
carrier freezeout. Higher degrees of compensation and higher LO power 
increase the number of capture centers and, thus, the inverse-response time, 
which is the FWHM IF bandwidth (divided by 'n') • 


MIXING MECHANISM 


The photocurrent waveform in the crystal is the current density, j(t), 
integrated over the cross-sectional area. Assuming carriers of only one type 
for simplicity, j(t) = e n(t) v(t) , where n and v are the number density and 
velocity of the carriers. Then, in the small-signal limit, the current can 
be modulated at the IF under three circumstances, i.e., the density can be 
modulated at the IF, the velocity can be modulated at the IF, or one is modu- 
lated at the LO frequency and the other at the signal frequency. A dc bias 
current is also present. Modulation of the density, the first case, is mainly 
caused by the square-law dependence on total incident electric field E(t), i.e., 
LO plus signal, ^(t) = 1/2 [El exp(-io)Lt) + Eq exp (-Iwqt) ] + complex conjugate, 
through the rate of photoionization in p-Ge (Ga) , or photo-excitation/ioniza- 
tion in n-GaAs, or free-carrier absorption in n-InSb . Modulation of the 
velocity, the second case, can occur through temperature dependence of the 
mobility or through nonparabolic-band effects. The third case, modulating 
density and velocity each at high frequency, really coresponds to a displace- 
ment current density. Only the first case, modulation of the carrier density, 
appears capable of both good sensitivity and large bandwidth. Modulation of 
the velocity through the mobility is the hot electron mechanism of n-InSb, 
while the other mechanisms appear too weak (ref. 7) . 
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The equation for the carrier density n in excess over dark conditions 
is 




nv 


T 


where h is the volume rate for carrier photogeneration and x is the carrier 
recombination time. The dominant component at the IF for the current density 
is given by 


e y • E, T 
_ =* ~ac 

-o 1 - io3 T 
o 


^ 

Att -h |w (jD I 
Li L 


where denotes the mobility tensor in the presence of uniaxial strain, is 

the bias field and a is the absorption coefficient (cm"-*-) at the LO or signal 
frequency, the distinction being neglected. Quantities associated with the IF, 
LO, and signal frequencies are denoted by subscript o, L, and 1, respectively. 


Conversion Loss 

The intrinsic conversion loss L' is the ratio of the absorbed signal power 
to the IF power associated with the above current density, i.e.. 



where is the IF conductivity and the integrals are over the crystal volume. 
See fig. 3 for the geometry being used. Thus, 


(l + J T^) R„ 
2 V 


( 1 ) 


X / 2 

where the responsivity,^ = GeRQ/h | (jJLWq | (volts/watt) and the photoconductive 
gain G = x/xd, where Xd = 5./yEdc> drift time along the crystal length H 

The power Pp, = El^ c5w/8tt, where w is the width (see fig. 3) . The efficiency 
factor Ti accounts for absorption and surface impedance-mismatch. The conver- 
sion loss L based on power delivered to an IF load resistance Rq g is obtained 
by multiplying L' by (Rq + Ro,e)^/'^o^o e • 

The conversion loss for InSb is a similar expression as for L', when the 
responsivity , ^, is set equal to the following (ref. W) i SR = [GeRo/ (3kTg/2) ] 
(d £n Rg/d 2.n Tg) and when X is replaced everywhere by x^, the hot electron- 
temperature (Tg) relaxation time. With the same absorption efficiencies q 
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for the Ge- and InSb-cases, the conversion losses will be in the inverse square 
of the ratio of the responsivities . Since this responsivity ratio is (r/Tg) 
(3kTe/2hWL) / (d ilnRo/d £nTe) and since the first two factors are considerably 
smaller than unity, and the third factor is approximately unity, the higher 
conversion loss for Ge is evident. Note that the product GRq in the formula 
for either responsivity is independent of the mobility and the crystal length. 
However, L' is proportional to Rq, in equation (1), which makes L' vary 
inversely with the mobility. The responsivity for Hgg.g 2 Te is reported 
(ref. 8) to be 15 times higher than InSb, owing to a larger logarithmic deriva- 
tive of the resistance when a magnetic field induces a transport anomaly at 
low temperature. As seen in equation (1) , the IF response has a half-width 
at half-maximum equal to T“d, where T is the effective recombination time. 

As the LO power is Increased, this bandxi?idth is also increased, owing to the 
appearance of additional ionized acceptors which have large capture cross- 
sections . 


Polarization Dependence 

The ground acceptor level and the uppermost valence band edge have J = 3/2, 
Mj = ±1/2 for angular momentum quantum numbers. The electric dipole line- 
strengths for the two orthogonal senses of linear polarization (parallel and 
perpendicular to the uniaxial stress) are proportional to: 


S^ = (2J + 1)^ 



1 

K 



e 


K 


where, in the Wigner 3-J symbol (ref. 9) K = 0 for parallel polarization, K = 1 
for perpendicular linear polarization, = 1 and = 1/2. Then Sq = 4/15 
and Si = 16/15 = 4 Sq. Thus, polarization perpendicular to the stress is 
preferred by the relative line strengths by a factor of four. The electric 
dipole moment squared for absorption along either direction is also propor- 
tional to the square of the inverse-mass component for that direction. Since 
the ratio of perpendicular-to-parallel mass (ref. 3) is 2.5 for stress in the 
[100] direction (and 3.2 for a [111] stress direction), the mass dependence 
more than offsets the above line-strength preference. 


Noise Characteristics 

Mixer IF noise consists mainly of thermal noise associated with dissipa- 
tive processes, shot noise associated with the current produced by the LO, and 
generation-recombination noise associated with ionization of impurities and 
capture of carriers. 
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The thermal noise is mainly caused by carrier-velocity fluctuations 
<6v^> = kT/m, so that the spectral density of current fluctuations in a band- 
width Av is given by (ref. 10) 


ry / IILU \ 

<61 >/Av = hco coth ( -rr-^ ) Re Y , 

03^ n \ 2kT / nn 

where is the total admittance for mixer and external load or terminations. 

The coth factor includes the zero-point quantum fluctuations. The frequency 
(s“l) (% = 0)o + ncDL, is for the n-th sideband for an LO frequency CjJl and an 
IF > ^o * 

In general, Yj^j^ is the matrix element of admittance that multiplies the 
small-signal voltage at frequency (% to give the small-signal current at 
frequency Thus, 


Y = G - i (o) + moj^ ) C 

mn m-n o L m-n 


where and are the time-Fourier components of total conductance and 
capacitance in the presence of the large-signal, periodic, LO electric field 
(ref. 11) at the frequency 00^^. 

Shot noise consists of charge-density fluctuations owing to the discrete 
particle nature of the carriers. The corresponding noise-Fourier correlation 
matrix elements are given by 

<6l 51 *> /Av = 2e I 

m n m-n 


where is the (ra-n)-th Fourier component of the large-amplitude current 

waveform i(t) in the presence alone of the LO electric field at i.e.. 


k=-oo 

The off-diagonal elements represent anomalous noise owing to correlations among 
the up- and down-converted components of the modulated shot noise, which is 
proportional to the Instantaneous current i(t) . 

The noise temperature Tj.^ of the mixer is determined by the apparent noise 
current, acting in the signal sideband alone at the mixer input, that would 
result in the observed IF noise voltage. This IF noise voltage is mainly the 
result of thermal noise, LO shot-noise, and generation-recombination (g-r) noise 
at all sidebands. 
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If the Impedance Z^j is the Ij-th matrix element of the inverse of the 
admittance matrix, then the apparent signal noise current in the bandwidth Av 
is given by 


2 / \ 
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The subscripts 0, 1 and L refer to the IF, the signal and the LO, respectively. 
The admittances with subscript e refer to external loads or terminations, 
which may be suitably matching. Admittances are in Gaussian units. For prac- 
tical units, replace c/ 4 tt by 1 /Zq, where Zq is the wave Impedance of free space. 
The factor p is the overall efficiency factor for absorption of the incident 
radiation, including the factor correcting for surface reflectance. 

For no surface reflection and a thin crystal width, p ~ aw, where a is the 
absorption coefficient for acceptor photoionization and w is the width. Equa- 
tion (2) may be solved then for %• 

With this admittance formalism, the conversion loss L can be rewritten 
more generally (ref. 11) as 

hi ■ 
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where the impedance matrix elements are obtained from the inverse admittance 
matrix, which includes all sidebands together- The image sideband, for 
example, at can be expected to have some influence. 

The photoconductor density fluctuations due to generation-recombination 
(g-r) of the carriers is given by <6n^> = t) Pp, t/(vo1. ^ , where vol. 

is the crystal volume being Illuminated- The g-r noise current is then 


* 

<6I 6l >/Av = ^ — - 

O O ftO)_ 


nG 

7 ~ 2 2 
1 + 0) T 

O 


This spectral shape (with respect to arises from the exponential decay in 

time, with correlation time T, of the density fluctuations. This noise source 
is to be incorporated into the right-hand side of the equation for the mixer 
temperature, equation (2). Space-charge effects can influence this spectral 
shape (ref. 10). A particular concern is the plasma resonance near the hole 
plasma frequency, 0 )p = (47mh e2/me)l/2. Spatial fluctuations cause charge 
separation fields between holes and ionized acceptors. The divergence of 
this field causes a V • v - contribution in the equation for the carrier 
density, resulting in an enhancement of the above fluctuations by a factor 
I e (co ) 1 where 

£(o) ) ~ 1 + 0)^ / (-iw + — 

o p/ \ o T 

and Tp is the mobility relaxation time. These expressions ignore the shielding 
effects by electrons and the wavevector dependence, involving the Debye lengths. 
The thermal noise will be enhanced through modification of the IF admittances. 
Note that the plasma frequency is ~ 1 GHz for n^ = IQH holes/cm^. 



HETERO JUNCTION - SUPERLATTICES 


Spatially periodic heterojunctions (e.g., Ge/GaAs) establish walls of 
adjacent one-dimensional potential wells and barriers. These can favorably 
affect the hole density of states and collision/capture times in the valence 
band (refs. 12 and 13) . Improved mixer performance results from an Increased 
photoabsorption with a greater density of final states and from decreased 
thermal noise with decreased dissipation in the IF sideband. 

Major Improvement would occur with an increased steepness of photocurrent 
dependence on modulated power. Tunneling through the potential barriers allows 
an exponential dependence. One means of Introducing this dependence is to 
consider that the power modulation causes a carrier density modulation An(t) in 
the Ge doped with Ga . Note that the superlattice acts to lift the degeneracy 
of the valence band edge much as strain would. The density modulation causes 
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an electrostatic potential energy e<p = e a An(t)/e, where e is the Ge 
dielectric constant, and a is the radius of curvature of the band bending 
(in the Ge potential wells) owing to excess holes near the walls to the adja- 
cent barriers. See figure 4. This potential energy oscillates at the IF, 

1 . e . , d) = d) cos 0 ) t . 

’ o o 

This time dependence affects the hole quantum wave functions for the 

potential wells. The resulting tunneling current AIq at the IF involves the 

overlap of wave functions for modulated energy levels in the wells, whose 

energies consistently differ by -hWo* Thus, in terms given (ref. 14) by the 

Bessel functions J , 

n 

OO 

AT ~ J (X) 

o n 

n=-oo 

where X = e(pQ/tiii)Q and is the dc current as a function of bias voltage. 

This function can be an approximate exponential function of bias voltage, which 
is effectively (V^j^ + n hajQ/e) for the n-photon contribution. 

By appropriate spatial modulation of the doping and compensation in 
the superlattice the carrier lifetime can be shortened to increase the band- 
width, yet the mobility can be increased to reduce the noise and conversion 
loss. This requires the trapping in the Ge wells to increase capture by 
the local acceptors but the scatter of the two-dimensional hole gas, especially 
by impurities in the GaAs barrier regions, to be reduced. 




+ J ,(X) 
n-1 


I , (eV + n hw ) 
dc dc o 


CONCLUSIONS 


The mixing mechanism in stressed Ge is similar to that in high-purity 
GaAs, and leads to larger bandwidths than for hot-electron InSb . Stress allows 
tunabillty of the Ge (doped with Ga) in a wavelength range inaccessible to 
n-GaAs even with magnetic fields. 

Superlattices can provide exponential-type IF current-voltage characteris- 
tics for greater sensitivity. Spatial modulation of the doping and compensa- 
tion can increase the bandwidth and the mobility for better performance, i.e., 
less conversion loss and less noise. 
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Figure 1.- Split valence bands of uniaxially compressed germanium. Uppermost 
valence band is heavy hole (J = 3/2, Mj = +1/2) band with perpendicular 
mass greater than parallel mass. 
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ABSTRACT 


The optical design considerations for optimization of sensitivity, 
tuneability and versatility of an infrared heterodyne spectrometer will be 
discussed using the GSFC CO2 laser heterodyne spectrometer optical front 
end as an example. Problems related to the coherent nature of the laser 
local oscillator beam (e.g. interference effects at edges of optical 
elements and at the beam combining beamsplitter) will be described and 
proper beamsplitter design discussed. Optimum matching to the telescope 
will be discussed. The severe effects of large central obscuration on the 
coherent telescope efficiency will be described and steps to partially 
recover the lost system sensitivity will be proposed. Measurements made 
with the GSFC ^8-inch telescope (linear obscuration ratio = 0.5) and the 
KPNO McMath telescope (no obscuration) will be given as examples. 


DISCUSSION 

Sensitivity of infrared heterodyne spectrometers can be expressed by 
the instrumental noise equivalent flux 

(NEF) = ^ photons/sec Hz 

The degradation of performance from ideal. A, is a total degradation factor 
- due to effects of chopping, polarization, detector-preamplifier 
efficiency, phase front misalignment, beam filling factor, line shape 
distribution, and optical losses (refs. 1,2). 

In an operating system the optical degradation factor consists mainly 
of two components - losses due to the telescope and the system-telescope 
matching, and losses in the optical front end. Careful optical design can 
limit both losses to essentially those due to optical transmission of the 
components (^ ~1.2). However, highly obscured telescopes and improper 
front end design can introduce significant degradation in heterodyne 



efficiency. In this paper we will describe a representative heterodyne 
system design and discuss several of the many optical problems arising on 
the optical table as well as in coupling the system with a field telescope. 

Let us consider the optical design of the Goddard Space Flight Center 
CO^ laser-infrared heterodyne spectrometer (Figure 1). The design goals 
were to optimize system sensitivity while maintaining maximum spectral 
tuning range, permit easy tuning and absolute calibration, and in general 
maintain system versatility for field or laboratory use. 

In Figure 1 the signal beam S (source) from the telescope is chopped 
against a reference beam R (sky). A dichroic mirror D. permits a portion 
of the visible beam to enter a guiding eyepiece. It also can be moved to, 
in effect, interchange the S and R beams. The telescope beam, v^g, is 
collimated by an off-axis parabola. The output beam, of an in-house 

built grating tuned, line center stabilized CO^ laser is attenuated, 
expanded, collimated and combined at a ZnSe beamsplitter with the telescope 
beam. The two matched collimated beams are then focussed onto a HgCdTe 
photomixer (supplied by Dr. David Spears, MIT Lincoln Laboratories). A 
portion of the visible signal is again transmitted to a guiding eyepiece by 
dichroic D^. The difference frequency Iv, "Vj^ 1 generated in the 
photcanixer over a bandwidth of~2 GHz is tRen^?ed into our R.F. spectral 
line receiver (ref. 3 ). System calibration can be done by inserting a 
kinematic mirror and measuring a calibrated black body reference. This 
arrangement can also be used for laboratory spectroscopy of target field 
molecules (refs. 4 , 5 ). 

Minimum optical transmission losses and elimination of chromatic 
effects were achieved by the use of all reflecting optics (except 
beamsplitter and dewar window). Thus, all focal points and all major 
component positions (e.g. off axis parabolas, pinholes, photomixer) are 
independent of the operating wavelength and no adjustments are necessary as 
one tunes the local oscillator. This concept is even more important for 
more broadly tuneable systems such as diode laser heterodyne spectrometers. 

Even with the basic design goals met, many problems can arise to 
further degrade heterodyne performance, such as optical feedback into the 
laser cavity, optical standing waves, internal reflections and 
interference. These problems can be minimized by tilting and wedging 
various system components. 

Let us look at two specific problems, both of which are consequences 
of the coherent nature of the CC^ laser local oscillator. The first 
problem is illustrated in Figure 2. Displayed are scans of the expanded 
laser beam cross section. The upper plot shows a nearly Gaussian cross 
section of the laser beam which is ultimately combined with the signal 
beam. If the optical elements in the beam path (e.g. mirrors, apertures, 
beamsplitter) are smaller than the beam diameter ( ~ distance between 1/e^ 
power points) Fresnel fringes related to edge diffraction patterns are 
formed (lower plot) . Focussing such a local oscillator intensity 
distribution on the photomixer can introduce phase cancellation and noise. 
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and can degrade the heterodyne signal to noise. 

A second problem is related to the design of the combining 
beamsplitter. If sufficient laser power exists, proper dielectric coating 
(or substrate) will enable maximum coupling of the signal beam ^ of 
signal) with sufficient local oscillator signal ( ^ 1 mW) for shot noise 
limited operation. The beamsplitter is designed to reflect the LO beam, 
the front surface being the beam combining plane. The back surface will 
also reflect a portion of the LO beam. Interference fringes will thus be 
generated with their separation dependent on the wavelength and the path 
difference between the reflected beams (i.e. wedge angle between the two 
surfaces) . Figure 3 illustrates this problem for a 30 arc-second wedged 
ZnSe beamsplitter. Fringes due to the reflected C0„ laser beam were 
measured by scanning a detector across the beam. Tne fringe spacing was 
consistent with the measured wedge angle. The intensity distributions and 
positions of the principal and second surface reflected beams yielding such 
fringes are plotted below. If the usable, matched beam diameter is about 
2.54 centimeters (l inch) centered on the optic axis (center of principal 
beam) , the laser beam profile incident on the mixer is reduced in power and 
is far from Gaussian. It is obvious this can introduce significant degra- 
dation in the resultant heterodyne signal. The worst case would be if the 
intensity minimum occurs on the optic axis. This problem can be solved 
by designing sufficiently wedged beamsplitters so that the back surface 
reflection is deflected out of the optical acceptance angle of the system. 

Let us now look at the degradation associated with telescope - system 
interface and matching. Ideally, the optics are matched to the diffraction 
limit of the telescope aperture and the only loss is the optical 
transmission of the telescope. Telescopes with a central obscuration can, 
however, introduce greater losses in heterodyne signal. Such effects are 
illustrated in Figure 4. Assuming a plane wave incident on the telescope 
at first glance the losses expected would be due to area blockage by the 
obscuration and a relative measured signal, heterodyne or direct, can be 
represented by the equation 



where and are the obscuration and aperture diameters. 

This parafolic curve is plotted in Figure 4 (upper solid curve) . 

For a point source, the intensity and phase distributions at the 
telescope aperture are both uniform (neglecting seeing) . The local 
oscillator beam has a Gaussian cross section and is matched to the Airy 
pattern of a fixed size aperture. As the central obscuration increases, the 
Airy pattern becomes narrower and less power is concentrated in the central 
maximum and more in the secondary maxima (ref. 6). For a matched fixed 
area detector this leads to lower Incident power and signal cancellation 
due to the out of phase components of the electric field in the secondary 
maxima, which are now within the detector area. These effects on the 
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heterod 3 me signal were calculated by Degnan and Klein (ref. 7) and are 
plotted in Fig. 4 (crosses). These losses are seen to be greater than 
areal . 

For an extended source (planets, Moon, Sun) the intensity pattern at 
the telescope aperture is a planar distribution. Assuming a detector size 
matched to the first Airy maximum (i.e. 2.4 X/D), then the measure of 
source coherence, the mutual coherence function (MCF), takes the form of an 
Airy pattern with first minima occurring at the edges of the telescope 
aperture (ref. 8). Since heterodyne detection is a coherent technique, one 
would expect any obscuration of the mutual coherence function to introduce 
additional losses. To demonstrate this on the optical table, a variable 
obscuration telescope and source were simulated with an extended black-body 
reference source and several annular apertures inserted in the source beam. 
The resulting heterodyne signals (circles in Fig. 4) show even greater 
losses than the point source case, at large obscuration ratios. Similar 
measurements on the Sun increasing the 0.45 linear obscuration of the 48 
inch GSFC telescope (triangles) show a similar trend. 

The extent of this "coherence" loss can be estimated for a given 
obscuration by integrating the unobscured annulus of the mutual coherence 
function. Assuming a direct relationship between this integral and the 
heterodyne signal one can compare the results to our measurements. The 
Airy-like curve in Fig. 4 represents these calculations and indeed is in 
good agreement with measured points. 

Varying the central obscuration in a 10 inch off-axis aperture in the 
48- inch primairy shows a heterodyne signal dependence more like the simple 
area blockage case. This is consistent with the present arguments since 
the system optics are matched to the f/no. and aperture of the 48-inch 
telescope. The IR mixer thus "sees" the whole aperture and the full mutual 
coherence function. A 10 inch slice of the 48-inch wide MCF will not vary 
significantly and blocking this more uniform function is similar to the 
simple plane wave case. The intensity distribution on the fixed area 
detector will also not change appreciably, since the detector intercepts 
only ~ 175 of the Airy intensity pattern of the 10 inch aperture. Thus, as 
the obscuration is modestly increased, the active intensity on the detector 
is not severely altered. 

We attempted to improve the heterodyne efficiency on extended sources 
at a highly obscured telescope by varying and matching the intensity 
pattern from the local oscillator to that of the telescope. We were able 
to recover ~50/J of the signal (star in Fig. 4) by introducing a matched 
central obscuration in the L.O. beam. However, this results in a great 
reduction of laser power on the photomixer and it may not always be 
possible to recover the necessary power from weak lasers to obtain optimum 
heterodyne efficiency at the mixer (shot noise limited operation). This 
may be impossible with present diode laser local oscillators, implying that 
central obscurations should be avoided in diode laser heterodyne 
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spectrometers. Theoretical treatment of the obscuration effect for 
extended sources by Degnan (ref. 9) suggests that It may be possible to 
recover all but the areal losses; however this was not found to be true on 
our measurements, possibly because not all the Airy lobes fall onto our 
photomixer . 

Measurements on the Sun, Identical to those taken at the 48 Inch 
Goddard telescope , were made with our heterodyne spectrometer matched to 
the 55 Inch McMath telescope at Kltt Peak National Observatory. Under 
matched conditions, and after accounting for the differences In the 
transmission between the two telescopes, the Sun signal measured at the 
unobscured McMath telescope was a factor of 2 to 3 greater than at GSFC. A 
degradation factor ~ 1.3 Is due to area blockage alone. An additional 
"coherence" component A of up to 2.2 was thus observed at the 48- Inch 
telescope (^q^s/^A ~ 

It Is thus clear that coherence effects In Infrared heterodyne system 
optical design and use have to be carefully considered In order to obtain 
optimum heterodyne performance. In particular, highly obscuring telescopes 
are Inappropriate for sensitive heterodyne measurements, particularly when 
using diode laser local oscillators. 
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Figure 3.- Beam splitter interference fringe. The upper trace is the 
intensity distribution of the local oscillator measured after the 
beam splitter. The front and back surface reflected beams which 
interfere to give this pattern are indicated in the lower half of 
this figure. A sufficiently large wedge angle will cause the con- 
vented beam to miss the focussing parabolic mirror, eliminating 
heterodyne efficiency losses. Wedge angle = 30 arc-seconds. 



Figure 4.- Heterodyne signal losses due to central obscuration 

of the signal beam. 
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RF SPECTROMETERS FOR HETERODYNE REOEIVERS 


D. Buhl and M.J. Mumma 
Infrared and Radio Astronomy Branch 
NASA Goddard Space Flight Center 
Greenbelt, MD, 20771 


Spectral line receivers require a spectrometer to divide the detected 
signal into a number of high resolution channels for display and analysis 
of a molecular line profile. Several types of spectrometers have been 
developed for radio astronomy receivers vjhich utilize RF filters, multiple 
oscillators and mixers, digital auto-correlators and acousto/optic devices. 
In the infrared the heterodyne receiver places severe requirements on the 
spectrometer, particularly if it is to be used with a balloon or space 
flight receiver. 

Heterodyne spectroscopy began 30 years ago with the discovery of lines 
due to hydrogen (HI) and then hydroxyl (OH) in various galactic gas clouds. 
These early receivers operated at L-band (1-2 GHz) and used maser and 
parametric amplifiers to achieve high sensitivity. Subsequent higher 
frequency receivers revealed a number of galactic molecular species (figure 
1). Activity was particularly intense in the mm spectrum, leading to the 
discovery of over 50 interstellar m.olecules. The spectral lines of these 
molecules continue into the far infrared (FIR) where line intensities 
should increase. In addition to the rotational lines shown in figure 1 
there are vibrational lines of molecules in the infrared. This is 
illustrated in the energy level diagram in figure 2. Rotational lines of 
SiO are shown as bars while vibrational lines are shown as arrows marked 6 
and U ju. The rotational level separations are exaggerated, being 
approximately 1000 times vjeaker than the vibrational levels. The molecular 
spectrum for Orion (Figure 2) shows a width of 50 km/s with a spectral 
detail requiring a resolution of < 1 km/s. Hence the spectrometer must be 
capable of providing several hundred channels with a total bandwidth 
approaching 100 km/s. 

A block diagram of a typical heterodyne receiver is shown in figure 3. 
For most receivers in the infrared the phaselock system is generally a 
frequency stabilizer. IF amplifiers vary from bandwidths of 100 MHz to 
several GHz depending on the line vjidths expected. Generally there is a 
trade off between low noise and wide bandwidth. The GaAs FET amplifier is 
now v^idely used because of its low noise, pov/er and weight. 

The RF spectrometer has been developed at GSFC to provide wide 
bandwidths (> 1 GHz) as w'ell as high resolution (5 MHz). This is 
accomplished by dividing the 128 channel filter bank into high and low 
resolution sections. The high resolution section is tuneable by providing 
a second mixer ahead of the filter bank. This is necessary because 
infrared receivers v/hich use gas lasers as local oscillators are only 



tuneable to specific laser frequencies. To compensate for astronomical 
doppler shifts and molecule frequency differences a second local oscillator 
and mixer is needed. A diagram of the RF section of the filter bank is 
shown in figure 4, 

lliis RF spectrometer was designed for a lOjU CO laser receiver. The 
mixer is a HgCdTe diode made by D. Spears (Lincoln Lab). Output of the 
mixer is useable to 1.5 GHz and so the low resolution section of the filter, 
bank has a bandvridth of 1.6 GHz and a resolution of 25 MHz. The high 
resolution section has a bandwidth of 320 MHz and a resolution of 5 MHz. 
Tuneability is provided by a balanced mixer and oscillators which tune from 
1.6 to 3-2 GHz. This allov/s the high resolution section to be set at any 
point within the low resolution section where the spectral feature is 
located. This is illustrated in figure 5 which shows an atmospheric 
absorption line of Ozone as seen against the solar continuum. The left 
hand spectrum is the low resolution section running from 0 to 1.6 GHz with 
respect to the CO laser frequency. The high resolution section on the 
right is set on the wings of the line profile and shows a 320 MHz detail of 
the win,g shape. In terras of velocity for an astronomical source, 1 km/s is 
equal to 100 MHz at a wavelength of lOju. Hence the filter bank bandwidth 
corresponds to +16 km/s and +3.2 km/s and the resolution to 0.25 km/s and 
0.05 km/s for the two sections. 

The RF diagram in figure 4 starts at the output of the HgCdTe mixer 
where the RF signal goes thru a bias T and a low noise preamp located close 
to the mixer dewar. A variable attenuator is at the input to the filter 
bank rack and provides a level set as well as a remotely control zero 
function for recording the DC channel offsets. The signal is then split in 
half for the 0-1 and 1-2 GHz amplifier chains. After boosting the signal 
level to 100 mv/ it is split by power dividers and fed to the individual 
filter trays v;hich contain 8 filters each. In addition the 0,1-2 GHz 
signal is split to drive the balanced mixer and the high resolution 
amplifier chains. Various bandpass filters are present in the high 
resolution section to prevent amplifier saturation. The RF signal from 
each filter is passed through a square law detector so that the voltage 
output is proportional to the power input. A variable gain op amp boosts 
the signal level and then the individual channel outputs are sent to an 
integrator/multiplexer which integrates and converts the signals to 12 bit 
numbers which are accumulated separately as signal and reference in a 32 
bit memory. Further synchronous detection and spectral processing are done 
by an LSI- 11 computer or HP 9830 calculator connected to a Tektronix 
terminal. This provides on line spectral analysis capability for immediate 
retrieval of molecular line profiles. 

A 64 channel filterbank was developed for use with lOjU and 500 ju 
receivers. The W/n configuration is similar to the filterbank described 
previously. The 500ju system requires narrower bandwidths since the doppler 
shift is 2 MHz for 1 km/s. The bank contains a 5 MHz lov; resolution 
section and a 1 MHz hi.qh resolution section which are both tuneable. The 
RF section of the spectrometer is shovjn in figure 6. At the input to the 
filter bank is a mixer driven by two transistor oscillators which can be 
selected to acquire any RF frequency up to 5 GHz. Following this there is 
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an optional amplifier and a variable attenuator to provide the correct gain 
or attenuation to set the level in the filter channels. Two amplifiers and 
a filter boost and bandlimit the signal before it is split into the high 
and lov/ resolution paths. At this point the high resolution signal is sent 
thru another mixer to dovm convert it to 165 MHz. Final power amplifiers 
then drive the individual filter trays through a power splitter. The rest 
of the system is similar to the 128 channel filter bank. The 6^1 channel 
spectrometer has been used with a 10;^ diode laser receiver (ref. 1). 

Figure 7 shows some 32 channel spectra of excess noise in the mixer caused 
by noise sidebands and multiple modes in the diode laser local oscillator. 
The first three (a,b and c) show broadband noise with different spectral 
shapes. The next two (d and e) show beats between different modes of the 
laser. The numbers inside the figures indicate the reduction factors which 
were used on the spectra (a,d and e) . The last spectra shows the noise of 
the preamp which has been subtracted from the other spectra. These 
figures illustrate the problem of designing a spectrometer which is able to 
cope v;ith the large dynamic range in the noise and its change in spectral 
shape, v/hich is determined by the mixer RF response and the noise profile 
of the local oscillator. 

The 5/1 MHz configuration of the filterbank is scheduled to be used 
with a 500 jLi receiver (ref. 2, 3 cind M). For an astronomical spectroscopy 
experiment at the NASA 3^ telescope on Mauna Kea in Hay, 1980. Despite the 
large atmospheric absorption (> 10 db) several interstellar or planetary 
molecules should be detected. This is the first major astronomical 
spectroscopy experiment in the 500 micron region an should give an 
indication of the intensity, width and complexity of far infrared molecular 
profiles on which to base future spectrometer designs. 

The RF spectrometer will continue to provide the best means of 
achieving ultra-wide bandwidths for infrared heterodyne receivers. For 
high resolution with a large number of channels, the acousto/optical 
spectrometer will be the principle instrument, particularly for balloon or 
space flight applications (ref. 5). 
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Figure 1.- Molecular lines in the radio and far infrared spectrum. The taller bars represent presently 

detected interstellar lines. 















Figure 4.- 128 channel filter bank RF section: attenuation of pads between 

amplifiers is indicated in db, gain and bandwidth of amplifiers is shown 
inside boxes, filter bandwidths are also shown and power dividers are 
indicated as t2, 14 and 18. Numbers underneath amplifier boxes are 
Avantek model nos. 
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Figure 6.- 64 channel filter bank RF section showing wideband tunability 
of the spectrometer using a mixer and transitor oscillator. 
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Figure 7.- 32 channel spectra of a lOp laser diode receiver. The preamp 
spectrum (f) has been subtracted from the other spectra so that they 
show only the excess noise due to the laser. (d) and (e) illustrate 
multiple mode beats from the laser. Numbers inside boxes indicated 
reduction factors for that spectrum. 
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ABSTRACT 


One of the most significant developments in radio astronomy has been 
the recent discovery of over 50 different molecules in the interstellar 
medium. These observations have changed our picture of the distribution of 
mass in the galaxy, altered our understanding of the process of star 
formation, and has also opened up a new and lively field of interstellar 
chemistry. This achievement was made possible not only by the development 
of sensitive heterodyne receivers (front-end) in the centimeter and 
millimeter range, but also by the construction of sensitive RF spectrometers 
(back-end) which enabled the spectral lines of molecules to be detected and 
identified. Traditionally spectrometers have been constructed as banks of 
discrete adjacently tuned RF filters or as digital auto-correlators. 

However, a new technique combining acoustic bending of a collimated coherent 
light beam by a Bragg cell followed by detection by a sensitive array of 
photodetectors (thus forming an RF acousto-optic spectrometer (AOS)) promises 
to have distinct advantages over older spectrometer technology. An AOS 
has wide bandwidth, large number of channels, high resolution, and is 
compact, lightweight, and energy efficient. These factors become very 
important as heterodyne receivers are developed into the submillimeter, far 
infrared, and 10 micron spectral ranges and as more observations are 
performed from remote, airborne, or spaceborne platforms. 

We give a short description and report of existing AOS back-ends in 
Australia and Japan but will concentrate on our recent construction of a 
proto-type AOS at Goddard Space Flight Center. The GSFC AOS uses a 
discrete bulk acoustic wave Itek Bragg cell, 5 mW Helium-Neon laser, and a 
1024 element Reticon CCPD array. The analog signals from the photodiode 
array are digitized, added and stored in a very high-speed custom built 
multiplexer board which allows us to perform synchronous detection of weak 
signals. The experiment is controlled and the data is displayed and stored 
with an LSI-II microcomputer system with dual floppy disks. We will report 
the performance of the GSFC AOS obtained from our initial tests. 

We also will give a description of an integrated SAW Bragg cell which 
will miniaturize a complete AOS system into a 2.5 X 7.6-cm (1 X 3-in) package. 

*This work is sponsored by Goddard Space Flight Center Director's 
Discretionary Fund for FY1979 and FY1980. 
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INTRODUCTION 


A recent compilation of observed interstellar molecules^ lists forty- 
six molecular species with close to 600 different observed transitions. The 
actual number of observed molecules is now over fifty with this figure 
constantly increasing. Observed molecular lines range in frequency from 
1 to ~ 345 GHz. A variety of receiver front-ends are needed to cover this 
extremely broad frequency spectrum^. Below 20 GHz the signals may be 
amplified directly by transistor, parametric, or maser amplifiers. These 
receiver systems range in system temperature from 50K for the 20 GHz 
ruby-maser receiver to ~400K for the 50 MHz transistor receivers. Above 
20 GHz, the lack of suitable pre-amplifiers forces the signal to be mixed 
(heterod 3 nie) with a local oscillator (LO) and the intermediate frequency 
(IF) amplified by a low noise system. Heterod 3 me receivers in the 80-120 
Qiz range have achieved system temperatures of 500-1000K single side band 
(SSB) per channel by efficiently coupling signal and LO into cooled 
Schottky diode mixers followed by cooled parametric amplifiers. A room 
temperature heterodyne mixer receiver in the 130-170 GHz range has a system 
temperature of 2000K SSB while a bolometer receiver operating in the 250 
GHz range has a system temperature of 30000K. Recently heterod^e tech- 
niques have been employed in the 10pm infrared band, i.e. 3x10^^ Hz, using 
broad band infrared detectors as photo-mixer and 10pm CO 2 laser as local 
oscillator^. Work has been done on Josephson mixer receivers for 115 GHz 
and for higher frequencies^. 

The thrust of receiver development is towards high frequency heterod 3 nie 
systems particularly in the millimeter, submillimeter, far infrared, and 
10pm spectral ranges. The motivation for this development comes from the 
need to determine the chemical composition of the interstellar medium and 
to achieve a thorough understanding of the excitation of interstellar 
molecules. The most important constituent of the interstellar medium after 
molecular hydrogen is carbon monoxide (CO) which has its rotational 
transitions at 115.3, 230.5, 345.8 GHz, etc., while hydroxyl (OH), an 
equally important constituent, has its ground-state rotational transition 
at 2508 GHz. In general, the lighter the molecule, the higher its ground- 
state transitions which fall often above currently accessible receiver 
ranges . 

The LO, LO coupler, and mixer present difficult challenges as the range 
of the receiver is extended towards higher frequencies. Klystrons which are 
already expensive and short-lived in the 3 millimeter range become 
impractical at shorter wavelengths forcing development of frequency doubling 
or tripling mixers utilizing cheaper and .more robust lower frequency LOs. 

In the 10pm band CO 2 laser-heterodyne systems, with its various 

isotopic mixtures, can cover only about 10/J, of the spectral band due to the 
limited tunability of the gas laser transition and limited bandwidth 
response of mixers. Work is presently underway in this laboratory to 
construct a diode heterodyne system which will have a 2pm continuously 
tunable range. RF tuned cavity LO couplers which work well in the 3 
millimeter wavelength become highly lossy in the millimeter range forcing 
development of quasi-optical techniques to combine signal and LO efficiently 
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to the mixer. Mixer development is also continuing to extend usable range 
of mixers into the far infrared and 10|j,m bands. 

Common to all heterodyne systems is a RF spectrometer (back-end) which 
recovers the power spectrum of the signal from the IF. Traditionally the 
spectrometer is a bank of discrete adjacently tuned RF filters or a digital 
auto-correlator. Most radio telescopes have 256 or 512 channels at 1 MHz 
or 0.25 MHz resolution. Heterodyne receivers in the millimeter, submilli- 
meter, or far infrared will be operated from remote mountain, airborne, 
balloon-borne, or spaceborne platforms to avoid the severe atmospheric 
attenuation in the 20|j,m to 1 mm range. This will place severe demands of 
size, weight, and energy usage on the back-end which RF filters may not be 
able to satisfy. A feasibility study of placing a submillimeter telescope 
on the space shuttle has been made at JPL^. A recent study of a 10p,m 
heterod 3 me receiver on the Upper Atmospheric Research (UARS)^ satellite shows 
that a 20-channel filter bank requires ~25% of the volume, ~33% of the weight, 
and ~307o of the power of the total instrument. A back-end using RF filters 
which can provide bandwidth and resolution coverage comparable to ground- 
based installations will prove prohibitive with respect to volume, weight, 
and power requirements in any free flying spaceborne experiment. 

ACOUSTO-OPTIC SPECTROMETER (AOS) 

Recent developments in acousto-optic techniques and in photodetector 
arrays have made feasible a new type of RF spectrometer offering the 

advantages of wide bandwidth, high resolution, large number of channels in 
compact, lightweight, energy efficient, and relatively low cost systems. 

Such a system employs an acousto-optic diffraction cell which serves the 
key role of converting RF signals to ultrasonic traveling-waves modulating 
the optical index of the cell. The cell is illuminated across its aperture 
by a monochromatic laser beam. A fraction of the light is diffracted by 
the acoustic waves; the angle of diffraction is determined by the frequency 
while the intensity of the diffracted light is proportional to the power 
of the input RF signal. (The major portion of the laser beam at zero order 
passes through the cell undeflected.) A focusing lens follows the cell 
and essentially performs a Fourier transform of the RF signal into a far- 
field intensity pattern. The output intensity distribution is typically 
received by a linear array of photodetectors whose output is the RF power 
spectrum we seek. The advantages of an AOS are due to the simplicity 
arising from the small number of components needed to build up the system. 

Currently there is intense commercial interest in applying acousto- 
optic techniques to electronic warfare (EW), electronic countermeasures 
(ECM) and electronic support systems (ESM)">^® which is spurring rapid 
technical advancements in the field. The Air Force and Navy, in a joint 
effort, are funding research at GTE-Sylvania, ATI-Itek, ESL, Teled 3 me-MEC , 
and Rockwell International in bulk Bragg cell AOS components. One benefit 
from this research is the commercial availability of 1 GHz bandwidth, 

1 MHz resolution Bragg cells. The Air Force and the Navy have also funded 
Hughes Research and Westinghouse in an effort to further miniaturize an 
acousto-optic system by integrating all its components on a single 
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substrate. These recent developments have made acousto-optic techniques 
increasingly attractive for use in astronomical applications. 

Radio Astronomy 

Commonwealth Science and Industry Research Organization (CSIRO) in Austra- 
lia and the Tokyo Astronomical Observatory in Japan have taken the lead in using 
acousto-optic techniques in astronomical applications. The first practical 
device was successfully made at CSIRO for obtaining dynamical spectrographs of 
solar radio emission^^ > using a Data Light SLM 100 quartz modulator with 
LlNb 03 transducer. This Instrument has a bandwidth of 100 MHz centered on 
150 MHz although the performance of the modulator was actually less. The out- 
put of the modulator is detected by a 512 element Reticon array (RL512C/12) , 
corrected by a minicomputer, and subsequently stored on photographic film. The 
instrument provided time resolution of 0.06 sec. 

CSIRO has also constructed prototype AO back-ends for spectral line obser- 
vations on the Parkes radio telescope^^*!^. Typical galactic molecular lines 
are very weak compared to receiver noise figures; e.g. 1 K signals on top 
of ~1000K receiver noise. The standard approach to recover the weak 
spectral line signal from the receiver noise is to subtract a background 
when the telescope is pointed off source from the receiver output when the 
telescope is pointed on source (or some other form of Dicke switching). The 
CSIRO backends used both a quartz and a water-medium modulator to recover 
the galactic OH maser spectra on the Parkes telescope. The quartz modulator 
system obtained 80 MHz bandwidth at 200 kHz resolution, while the water 
modulator achieved an effective resolution of 20 kHz and a bandwidth of 1.5 
MHz. The background subtraction was performed by a minicomputer system 
with gain variations removed by observation of a broadband noise source. 

The radio astronomy group in Japan has chosen to bypass the traditional 
RF filter and auto-correlator backends in favor of the acousto-optic 
techniques for the 6-m millimeter wave telescope at the Tokyo Astronomical 
Observatory^^ ^ They have constructed their own Bragg modulators from bonding 
a cross-cut LiNb 03 transducer on a Te02 crystal (2-cm length) with a Pb 
acoustic attenuator bonded on the other end. The Bragg cell is illuminated 
by a 5 mW HeNe laser and the output is detected by a 256-element Reticon 
photodetector array (RL256C/17). The achieved RF bandwidth was 10.4 MHz 
at 40.7 kHz resolution. The image is integrated on the Reticon for 40 ms 
in conjunction with 2 sec cycle chopping wheel. The output is digitized, 
stored, and calibrated by a minicomputer system. Their reported spectra 
showed 5K SiO maser emission at 86.2 Qlz (v=l , J=2 1) from the evolved 

variable star Mira (o Ceti) after 5-6 hours integration with a SSB receiver 
temperature of 3500K. 

Prototype AOS at GSFC 

Although there is extensive commercial development in AO techniques 
in this country, all of the applications are geared towards military needs. 

A thorough evaluation of AO techniques for astronomical use is in order, 
especially since the thrust in receiver developments is to higher frequency 
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and wider bandwidth and because of encouraging reports of successful AO 
back-ends in Australia and Japan. 

The GSFC prototype AOS uses a discrete bulk acoustic wave Itek/Applied 
Technology Bragg cell with 300 MHz bandwidth (specified) 0.67 MHz resolution 
(~500 resolution elements), 5 nSJ Spectrophysics Model 120 helium-neon laser, 
and a 1024-element Reticon CCPD array. The system is mounted on stainless 
steel and anodized aluminum optical assembled bench components from Klinger 
Scientific (see figure 1). 

The length of the stainless-steel rods is 1 meter, and although the 
optical layout is fairly compact, no attempt was made to optimize the unit 
for size. The laser is located on the bottom of a two tier construction, 
with the beam directed to the upper level by guiding mirrors. A beam 
expander (16X) is placed in front of the Itek Bragg cell with the cell 
mounted on X-Z position translators. An aberration-minimized bi-convex lens 
80 mm diameter with a 47 cm focal length follows the Bragg cell. The 
diffracted light is then guided downward by a flat mirror, and the output 
light is detected by a 1024 element CCPD Reticon array mounted on precision 
rotation and translation stages. The interlocking construction of the 
Klinger assembly gives the system very good rigidity, and once the optical 
path has been aligned retains its alignment even after movement of the 
assembly as a unit. Although no attempt has been made to temperature control 
the assembly, the AOS appear to drift less than 1 channel over a 24-hour 
period. 


The Itek/Applied Technology Bragg cell is made from a 1 cm optical 
aperture LiNb 03 crystal with a specified 300 MHz bandwidth centered at 450 
MHz. The Interaction time is ~1.5]j,s with a time -bandwidth factor of ~450. 

The diffraction efficiency of the cell is reported to be 7%/watt of RF power. 
The deflection angle as a function of frequency is given by 


A6 _ .6328xl0~^(cm) 

'^s 6 . 57x10^ (cm/s) 


9.6x10”^ rad/MHz 


( 1 ) 


where Vg the speed of sound in LiNb 03 . The resolution is given by 


. ^ .6328x10 ^(cm) _ ^ ^^-5 j 

^ ^ ^ =» 6.328x10 rad 

D 1 (cm) 


( 2 ) 


and 



6 0 =“ 657 kHz 


(3) 


This is consistent with the time bandwidth product: 


Af ^ 300 MHz 
N ~ 450 


667 kHz 


(4) 
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The 1024-element Ret icon CCPD array has 15|j,m center to center. In 
order to match the detector element to the frequency resolved light spot 
(using 2 detector elements/resolution unit). 


F 


_A_ 

69 


30 X 10“^ m n / -7 
^ 0.47 m 

6.328x10“^ 


( 5 ) 


where F is the focal length of the Fourier transform lens, and A is the 2 
element spacing of the Reticon array. We will see that the actual deflection 
for the Bragg cell appears larger and that the Reticon array is over 
illuminated with a 47-cm focal length lens. 

A custom-built multiolexer unit controls the operation of the AOS by 
controlling the readout, digitization, and storage of the integrated spectrum 
(see figure 2). Two 1024x32 bit buffer memories are necessary so that signal 
and reference can be subtracted to retrieve small signals by s 3 mchronous 
detection. The multiplexer is interfaced to a LSI-11 microcomputer system 
where scans are calibrated and displayed on Tektronix terminal and stored on 
dual-density floppy disks. 

The Reticon array is read out every 15 ms with each 1024 photodetector 
element transferred in parallel to on-chip buffers then read out sequentially. 
The analog signals from the array are digitized to 10-bit accuracy and added to 
32-bit memory. The standard CCPD evaluation board was used to provide the 
four-phase clocking to the detector chip with a primary clock signal from 
the multiplexer unit. The multiplexer is designed to run at a maximum rate 
of 1 MHz, i.e. 1 p,sec to digitize and to add to memory, providing -^Imsec 
integration on the detector chip. We hope to run experiments varying the 
photodetector integration period from 1 to 20 msec to evaluate the performance 
of the detector chip at different read out rates, A balanced set of signal 
and reference must be obtained and usually a multiple of --40 secs total 
integration time, 20 sec on signal, 20 sec on reference, is used in conjunc- 
tion with 15 msec Reticon integration and readout. 

Bandwidth and Frequency Linearity 

Figure 3 shows the direct readout of the 1024-element Reticon array. 

The AOS was operated without a light box at ordinary room illumination. The 
lower trace shows the detector readout after 20 sec integration at ambient 
light level. The two spikes are defects on the glass covering the detectors. 
The upper curve shows the spectrometer response to broadband noise (300K/ 

50Q terminator after ~ 120 dB gain) and is the response of the Reticon array 
to the diffracted laser beam. The horizontal tic marks indicate 256 channel 
divisions and the 450 MHz mark is at the center position of this scan. A 
frequency comb with signals starting at 300 MHz separated by 25 MHz each 
(we could not cover the full 300 MHz range of the cell due to frequency 
limitation of our signal generator and the over illumination of the Reticon 
array) was used to produce Figure 4, which graphically displays the frequency 
as a function of channel number (the uncertainty in both channel number and 
frequency are smaller than the size of the dots). Figure 4 shows that the 
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AOS is very linear with frequency although the deflection is greater than 
what is calculated by equation 1. The Reticon array covers ^35 MHz range 
rather than the 300 MHz implied by using a lens with a focal length given by 
equation 5. We also see from Figure 3 that the 3 dB bandwidth for this 
Itek Bragg cell is closer to 150 MHz than the reported 300 MHz. The response 
of the spectrometer at 300 MHz bandwidth appears to be down by at least 8 dB. 

Sensitivity 


The AO spectrometer is a very sensitive device in detecting weak 
signals. We simulated observation of a spectral line by using the chopper 
square wave drive from the multiplexer to amplitude modulate a 450 MHz 
-30 dBm signal to the Bragg cell from the signal generator (we achieved 
~70% AM). The unmodulated signal is stored in the signal memory while the 
modulated signal is stored in the reference memory. Figure 5 shows the 
difference between signal and reference after 40 sec. total integration 
(20 sec on signal plus 20 sec on reference). We get a signal to noise of 
better than 50:1, but more importantly the noise spectrum away from the 
signal is flat without any systematic pattern. We have used the AOS to 
detect a -40 dBm signal to the Bragg cell by integrating over 24 hrs 
achieving better than 30:1 signal to noise, and again with no systematic 
errors over the 1024 channels. Using this synchronous detection mode the 
dynamic range of the AOS is better than ~40 dB. 

The response of the AOS to a given RF signal is given by 


V . 

1 


G.I. 


1 1 


+ Z, 
1 


( 6 ) 


where v^ is the output voltage at the i-th channel, is the i-th channel 
gain of the system (Bragg cell, amplifier, and detector array gains), li is 
the RF input signal, and is the zero offset of the i-th channel (Reticon 
zero-th level, ambient light, and laser scattered light). The systematic 
gains of the AOS may be removed by forming the ratio 
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R. 

1 

Z. 
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(7) 


where S. - G.I. (signal) + Z. 

X 1 1 ' ® ^ X 

R. = G.I. (reference) + Z. 

XXX X 


( 8 ) 


The difference between the upper and lower curves in Figure 3 gives essen- 
tially the result for R^ - Z . over the 1024 channels. The RMS noise of 
equation 7 should give us 


S-R 

R-Z 


RMS 


(Bt) 


1/2 


(9) 
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sec 


where B is the bandwidth of the measurements and is the integration time. 
Figure 6 displays graphically the expected 1 /(Bt)^^^ for B = 333 kHz at 40 
T increments for the upper solid curve and for the lower solid curve, B = 3.3 
MHz at 40 sec t increments. Measured values at 40 sec integration time 
increments are given by points surrounded by boxes. We see that the measured 
noise of the AOS follows the 1 /t^'^^ law very well for over the 2000 sec 
(33 minute) period of the measurement. This Indicates that there is no 
correlated noise source associated with the instrument. The AOS noise should 
follow the upper curve, which it does not. But this is not to say that the 
frequency resolution of the AOS is 3 MHz. The lower scale of measured 
points is due to uncertainty in measuring R-Z, and is caused by fluctuating 
ambient light levels and slow drifts in Reticon zero levels. The important 
result of this measurement is that the prototype system has no indication of 
correlated noise which limits the length of integration. However, we have 
not yet established the scale of the noise level. 

SUMMARY 

The preliminary results of tests with the GSFC AOS are encouraging. 

We have determined that the instrument is linear in frequency, has high 
dynamic range, is sensitive in retrieving weak signals, and has no correlated 
noise which limits integration time. However, we note that the bandwidth of 
the Itek Bragg cell is not as wide as advertised (~ 1/2 to 2/3 of the 300 MHz 
specified width), but this is not an intrinsic limitation to this technique 
since, hopefully, there are Bragg cells which do meet their specif ication. 

At this point we are ready to move the instrument to an existing radio 
telescope to perform actual observations. 

Future Developments 

We are planning to test a 1 GHz bandwidth 1 MHz resolution Itek Bragg 
cell on the existing optical setup. The only change necessary is to obtain 
a Fourier transform lens which will match the 1 MHz resolution light spot 
to the 15jim Reticon detector elements. 

A more exciting development is the possibility of using integrated 
optics to miniaturize a complete AOS system on a single substrate of LiNbOg 
with dimensions of 1 in x 3 in. This concept involves using surface 
acoustic waves (SAW) to diffract a laser beam traveling in a single-mode 
wave guide formed by indif fusing Ti on a LiNb 03 substrate^^. The laser 
source is a GaAs diode laser in the near infrared butt coupled to one end 
of the substrate, while the photodetectors would be butt-coupled to the 
other end. Two geodesic lenses form concave aspheric surfaces which are 
diffraction limited lenses to collimate and focus the laser beam. We hope to 
acquire a hybrid integration AOS in the near future for evaluation from 
Westinghouse Baltimore. In place of the GasAs diode laser we will end-fire 
couple an HeNe laser as a first phase project. We will evaluate and test a 
completely integrated unit for the second phase. The integrated AOS will 
have 400 MHz bandwidth with 100 channels at 4 MHz resolution. 
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Figure 1.- GSFC acousto-optic spectrometer mounted on stainless steel and 
anodized aluminum optical bench. HeNe laser is located on lower level 
and beam is directed to upper level where Itek Bragg cell is located. 
The 1024 CCPD Reticon array is mounted on right. 


HIGH SPEED MULTIPLEXER BLOCK DIAGRAM 


32 BITS 



Figure 2.- Block diagram for the high speed AOS multiplexer. 
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Figure 3.- Output of the 1024 channel AOS. Vertical scale in arbitrary units; 
horizontal scale indicates channel. Lower curve is output with broad- 
band noise off while upper curve shows the bandpass of the AOS. Spikes 
are faults on the glass cover of the photodetectors. 
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Figure 4.- Frequency linearity of the AOS 








MICROWAVE TUNABLE LASER SOURCE: A STABLE, 

PRECISION TUNABLE HETERODYNE LOCAL OSCILLATOR 


Glen W. Sachse 

NASA Langley Research Center 


SUMMARY 

A tunable laser source utilizing a wideband electro-optic modulator and a 
CO 2 laser has been developed. Its precision tunability and high stability are 
demonstrated with examples of laboratory spectroscopy. Heterodyne measurements 
are also presented to demonstrate the performance of the laser source as a 
heterodyne local oscillator. 


INTRODUCTION 

A stable, precision- tunable laser source for the intermediate infrared 
(IR) would have numerous applications including: remote sensing of the earth, 

planetary, and stellar atmospheres, injection locking of high-pressure laser 
amplifiers, ultra-high resolution spectroscopy, isotope separation, etc. Diode 
lasers possess wide tunability in this region and have found wide usage in lab- 
oratory spectroscopy. However, operational difficulties primarily associated 
with cryogenic requirements and lack of built-in wavelength information have 
hampered the application of diode lasers outside the laboratory. Although 
several heterodyne measurements using the diode laser have been reported (refs. 

1 to 3) , mode competition problems (ref. 4) present additional difficulties in 
their use as heterodyne local oscillators. On the other hand, several line- 
tunable gas lasers, including the CO 2 , CO, and N 2 O lasers, also exist in the 
intermediate IR. These lasers generally possess high-frequency stability and 
accuracy, possess good mode quality, and operate at or near room temperature. 

The CO 2 laser and, to a limited extent, the CO laser have been used success- 
fully as heterodyne local oscillators in several instruments. (See refs. 5 to 
7.) However, their discrete tunability restricts their use to chance coinci- 
dences with frequencies of interest (i.e., specific absorption-line or window 
frequencies) . 

An alternative approach for providing tunability in the intermediate infra- 
red is to utilize wideband electro-optic modulators to generate tunable optical 
sidebands on gas-laser carriers. This approach has the potential for providing 
some of the attractive features of gas lasers along with piecewise continuous 
tunability over significant portions of the infrared where line-tunable gas 
lasers of moderate power output (^ 1 W) exist. Absolute wavelength accuracy 
and stability of such a laser source is limited only by the gas laser. Its 
room- temperature operating capability may also make it more readily applicable 
to in-the-field operation. 

Several infrared modulators (refs. 8 to 10) have been developed; however, 
only the GaAs waveguide modulator (ref. 11) developed by Peter Cheo of United 
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Technologies Research Center is discussed in this paper. The Microwave 
Tunable Laser Source (MTLS) is an optical/microwave system which was developed 
utiJ-izing the GaAs modulator (ref. 12) . In this paper the MTLS is briefly 
described and examples of laboratory spectroscopy and a characterization of 
its heterodyne properties are presented. 


MTLS DESCRIPTION 

The key component of the MTLS is the GaAs waveguide modulator. The modu- 
lator utilizes the linear electro-optic effect (ref. 13) to generate optical 
sidebands on an incident CO 2 laser carrier. The sidebands are located at the 
sum and difference frequencies and may be tuned by simply varying the micro- 
wave frequency within the modulator bandpass. The modulator was originally 
reported to have a nominal 3-dB bandpass of 5 GHz. (See ref. 11.) Since then 
the sideband tunability of this same modulator has been improved to = 10 GHz. 
(See ref. 12.) This bandpass (see fig. 1) is located between the offset fre- 
quencies of 8 and 18 GHz. The conversion efficiency (ratio of output sideband 
to carrier power) reaches a maximum at 10 GHz, where it equals 0.7 percent for 
20 watts of microwave power. The optical throughput of the modulator is 
20 percent, and the output beam is a slowly diverging ellipse with a major to 
minor axis ratio of 3. After more than a year of use in our laboratory, no 
significant changes in the modulator performance have been observed. 

The MTLS transforms the multifrequency output of the modulator into a 
precisely tunable monochromatic output. The carrier, which is typically 150 
to 300 times more intense than either sideband, is suppressed by passing the 
modulator output through a heated 60°C) , 0.375-m long white cell with an 
internal 22-m path and containing low-pressure C02* Figure 2 contains Fabry- 
Perot scans of the white-cell output which indicate that, with the aforemen- 
tioned white-cell parameters, the carrier is suppressed to a level equal to or 
less than the sidebands for the lasing transitions P(10) to P(30). Single- 
frequency operation is achieved by dither stabilizing a tunable Fabry-Perot 
etalon on the desired sideband, thereby rejecting the remaining carrier and 
extra sideband. A small desk-top calculator presently controls the microwave 
sweeper, power meter, and frequency counter. The controller can accurately 
place the microwave frequency anywhere between 8 and 18 GHz, or can perform 
high-precision scans with microwave frequency resolution well below 0.1 MHz. 
For a perspective of the optical and microwave powers involved, the single 
frequency MTLS output is typically 0.5 mW for an incident CO 2 laser power of 
3 W and' 20 W of microwave power. At least a 50-percent improvement in MTLS 
output is realizable through straightforward increases in the system optical 
throughput. 

By utilizing the line tunability of (X >2 lasers, significant spectral 
coverage over the 9- to 12-)jm region is achievable. Since the average CO 2 
line separation is about 50 GHz, approximately 40-percent spectral coverage is 
achieved within the lasing region of a single CO 2 isotope laser. Figure 3 
shows the calculated MTLS spectral coverage that results with five different 
CO 2 isotope lasers C^^02 r and . This bar 

graph was generated by dividing the 9- to 12-ym region into bins each 2 cm~^ 
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(60 GHz) wide and calculating the percentage spectral coverage within each bin. 
Laser tunability was assumed to be P(10) to P(30) and R(10) to R(30) in each 
band. The calculations indicate that the spectral coverage approaches 100 per- 
cent in regions of high isotope overlap, and exceeds 50 percent when averaged 
across the entire 9- to 12-ym region. The NO laser tunability should add sig- 
nificantly to the spectral coverage, particularly in the 10 - to 11 -ym region. 
However, its tunability was not included in the preceding calculation. 


SPECTROSCOPIC MEASUREMENTS 

To illustrate the precision tunability of the system, laboratory spectro- 
scopy of SFg and NH 3 was performed. The C^^O^S laser used in these measure- 
ments was not grating-tunable ; consequently, laser operation was confined to a 
few lines in the 10.6-pm band. The single-frequency sideband output was digit- 
ally stepped in inteivals of 0.6 MHz by command from the calculator. A scan 
rate of 6 MHz/sec was used in these measurements. A beam splitter diverted 
approximately 50 percent of the optical beam to a pyroelectric detector, which 
served to monitor power changes during the frequency sweep. The remaining 
optical power passed through the 12.5-cm-long sample cell and was focused on a 
second pyroelectric detector. The two detector outputs were analog ratioed to 
provide the normalized spectra shown in figures 4 and 5. 

In figure 4(a), the upper sideband of the P(20) line was stepped 10 000 
times between 12 and 18 GHz, which revealed the complicated absorption spectrum 
of low-pressure SFg. In figure 4(b), the same sideband was scanned across a 
narrower frequency interval to illustrate that the narrow 38-MHz FWHM absorp- 
tion lines are easily resolved by the MTLS. In figure 5, the MTLS was scanned 
across two NH 3 lines - one located within the timing range of the lower side- 
band, and the other within the range of the upper sideband of the P(18) CO 2 
line. The determination of the line positions differed significantly from 
Taylor (ref. 14) , but agreed to within 250 MHz with the positions reported by 
Curtis (ref. 15). When these measurements were performed, the microwave 
counter, which provides frequency accuracy to better than 1 kHz, was not in use 
and the CO 2 laser was not actively stabilized. The frequency accuracy of the 
sweep oscillator, independent of the frequency counter, is specified by the 
manufacturer as ±20 MHz, and the stability of the CO 2 laser during the measure- 
ment period was estimated to be better than ±5 MHz. Through stabilization of 
the CO 2 laser, spectroscopic measurements with frequency resolution better than 
1 MHz (0.000033 cm~^) should be readily achievable. 


HETERODYNE CHARACTERIZATION 

Before heterodyne measurements were performed, the noise characteristics 
of the sidebands between 0.1 and 100 MHz were investigated. This frequency 
range corresponded to the approximate bandpass of the heterodyne photomixer, IF 
amplifier, and filter. A qualitative look at the integrated noise within this 
bandpass was accomplished by monitoring the rectified RF photomixer output 
while the Fabry-Perot was spectrally scanned across the carrier and sidebands. 
The upper right photograph in figure 6 shows that sizable rectified noise is 
present at the sideband frequencies but is barely discernible at the carrier 
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frequency. For this particular measurement, the carrier and sideband power 
levels were equal as shown by the Fabry-Perot scan of the quasi-dc photomixer 
output (upper left photograph) . The carrier power was made to equal the side- 
band power by fine tuning the white-cell temperature. It was found that the 
sideband noise was a function of the traveling-wave-tijbe (TWT) amplifier drive 
power and that a dip in the noise was achieved by operating the amplifier 
beyond the saturation point at a microwave output power of 15.6 W. (The output 
power at the saturation point was about 20 W. ) Interestingly, as the drive was 
decreased, the sideband noise grew rapidly and reached a maximum when the micro- 
wave output was 7.2 W, which is below saturation. The dc sideband power (lower 
left photograph) responded proportionally to the microwave power as expected, 
but the noise peaks (lower right photograph) increased approximately 12 dB. 

Since the RF detector output was proportional to the product of the dc sideband 
power and the sideband noise power, the actual increase in sideband noise was 
approximately 15 dB. Further reduction of the drive power resulted in the 
noise peaks decreasing at the same rate, which implied a constant sideband noise 
power. The oscilloscope scale was the same for each photograph. The quasi-dc 
photomixer output was not preamplified; however, the RF output was amplified 
60 dB. 

The interpretation of these data is as follows: The broadband noise out- 

put Pfj of an amplifier consists of amplified Johnson noise and internally gener- 
ated noise. These noise contributions are independent of the drive power, pro- 
vided the amplifier is operating in the linear region. For a matched input, 

Pn = kTGN 

where k is Boltzmann's constant, T is room temperature, G is the TWT gain, 
and N is the noise factor. The noise figure (the dB equivalent of the noise 
factor) is the measure of the internally generated noise and was manufactured 
specified to be 35 dB. The small signal gain was measured to be 62 dB at the 
operating frequency. Since the sweep oscillator is capable of delivering 
10 dBm, only 33-dB TWT gain is necessary to reach the desired 20 watts micro- 
wave output. Because the drive signal was by necessity strongly attenuated, 
this excess TWT gain in effect contributed nearly the same signal-to-noise (S/N) 
degradation as did the noise figure when the TWT was operated in the small 
signal region. The large reduction in sideband noise observed when the TWT was 
operated well into saturation was simply due to a 15-dB gain compression which 
reduced Pj^ according to the preceding equation. 

The properties of the sideband noise were further analyzed by monitoring 
the photomixer amplifier output with a spectrum analyzer. Three conditions of 
photomixer illumination were investigated. In the bottom spectrum of figure 7 (a) , 
the photomixer was not illuminated, which resulted in a noise spectrum associ- 
ated with the photomixer and the IF amplifier. Next, the etalon bandpass was 
tuned so that only the carrier illuminated the photomixer. This resulted in a 
broadband noise increase of ~ 3 dB associated with the carrier shot noise. 

When the etalon was tuned to the sideband frequency, the expected large increase 
in noise was observed. The increase above the carrier noise amounted to ~ 16 dB 
at the low-frequency end and ~ 12 dB near 100 MHz. The sideband and carrier 
power were roughly equal at 140 yW, and the TWT was operated well into satur- 
ation to yield the minimum sideband noise. 
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With the TWT used in the aforementioned measurements, the minimum sideband 
noise was achieved with the TWT gain compressed to 47 dB and an output power of 

15.6 W. Under these conditions, the drive signal had to be attenuated 15 dB, 
which resulted in a corresponding microwave S/N degradation. Since the side- 
band noise was 12 to 16 dB greater than the carrier shot noise, a lower-gain 
TWT amplifier not requiring attenuation of the input drive signal might be 
expected to introduce a noise level comparable to the shot noise. A lower- 
power {10 W) TWT amplifier with low gain and a manufacturer-specified noise 
figure of 35 dB was located and its noise spectral characteristics were inves- 
tigated in figure 7(b). With no input attenuation, the amplifier was driven to 

9.6 W output. The carrier power was again made to equal sideband power. At a 
reduced carrier power of 100 yW, a shot noise of 1.5 to 2 dB above the "photo- 
mixer" noise was obseirved. As expected, the broadband component of the side- 
band noise decreased sharply to a level 3 to 4.5 dB above the shot noise. 
Narrow-band noise at 5 and 15 MHz is probably due to coherent oscillations 
(ref. 16) in the traveling wave tube, and is not generally found in a well- 
designed tube that is operating properly. Further reductions in the sideband 
noise can be achieved by lowering the noise figure. Low-gain TWT amplifiers 
are commercially available with noise figures on the order of 30 dB. An alter- 
native method of lowering the overall noise figure would be to include an inter- 
mediate amplifier of low noise figure. 

A heterodyne measurement of the thermal radiation from a 1273 K blackbody 
was performed to compare the S/N achieved using the carrier and the sideband as 
local oscillators. The collimated blac)cbody beam was passed through a long- 
wave pass filter (8.9 ym cut-on wavelength) in order to minimize the contri- 
bution of the chopped thermal shot noise to the heterodyne IF output. A 50- 
percent beam splitter was used to bring the local oscillator and blackbody beams 
into coincidence. During the experiment the MTLS delivered 220 yW after the 
beamsplitter, but generated a detector photo-current the equivalent of only 
100 yW. The excessive detector overfill occurred since no attempt was made to 
optically match the elliptical modulator output with the circular detector. A 
10-MHz high-pass filter was added to the heterodyne IF stage in order to reject 
the strong TWT-generated noise peak at 5 MHz. Thus, the total heterodyne band- 
pass was 90 MHz. 

The results of the heterodyne measurements are shown in figure 8. The 
rectified outputs of the heterodyne IF state are plotted against time for three 
local oscillator cases - carrier, no local oscillator, and sideband. In each 
case a measurement period of 30 sec is plotted. The RC time constant of the 
lock-in amplifier filter was 1.25 sec, which is equivalent to an effective band- 
pass of 0.1 Hz for a 12 dB/octave filter. As expected, the heterodyne signal 
magnitudes were very nearly equal and the sideband local oscillator exhibited 
somewhat poorer S/N than the carrier. The non-zero output registered with no 
local oscillator was due to the chopped thermal shot noise. 


CONCLUDING REMARKS 

A stable precision tunable laser source has been developed using a wide- 
band electro-optic modulator and a CO 2 laser. With the use of five CO 2 isotope 
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lasers and the 8 to 18 GHz sideband offset tunability of the modulator, calcu- 
lations indicate that > 50 percent spectral coverage in the 9- to 12-ym region 
is achievable. This wavelength region is especially important for the develop- 
ment of optical atmospheric sensing instrumentation, since it coincides with an 
atmospheric window and a region where high technology infrared components exist. 
The wavelength accuracy and stability of this laser source is limited by the CO 2 
laser and is more than adequate for the measurement of narrow Doppler-broadened 
line profiles. This was demonstrated with the spectroscopic measurements of 
SFg. The room- temperature operating capability and the programmability of the 
MTLS are attractive features for its in-the-field implementation. Although 
heterodyne measurements indicated some S/N degradation when using the MTLS as 
a local oscillator, there does not appear to be any fundamental limitation to 
the heterodyne efficiency of this laser source. Through the use of a lower 
noise-figure TWT amplifier and optical matching of the MTLS output beam with the 
photomixer, a substantial increase in the heterodyne S/N is expected. 
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Figure 1.- Microwave bandpass of the GaAs waveguide modulator. 
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(a) Microwave frequency 12 to 18 GHz. 


Figure 4.- SFg absorption spectrum resulting from high-resolution scans of upper sideband 

of P(20) cl2ol6 line. 
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(b) Microwave frequency 12 to 12.5 GHz. 


Figure 4.- Concluded. 
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absorption spectra of NH^. 




DC PHOTO MiXER OUTPUT 
15.5 W MICROWAVE SATURATION 



RECTIFIED PHOTOMIXER OUTPUT 
100 MHz LOW PASS FILTER 
I5.5W MICROWAVE SATURATION 




DC PHOTO MIXER OUTPUT 
7.2 W MICROWAVE 


RECTIFIED PHOTOMIXER OUTPUT 
too MHz LOW PASS FILTER 
7.2 W MICROWAVE 


Figure 6.- Fabry-Perot scans of quasx-dc and rectified RF (100 MHz bandpass) 

output of photomixer. 
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(a) Excess TWT gain introduced substantial noise on optical sideband. 

Figure 7.- Spectrum-analyzer displays of photomixer RF output under three 
conditions of illumination: sideband, carrier, and no illumination. 
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(b) A different TWT exhibiting no excess gain substantially improved 

the sideband S/N. 

Figure 7.- Concluded. 
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Figure 8.- Heterodyne measurements of a 1273 K blackbody for three cases of local-oscillator 
illiamination : carrier, no local oscillator, and sideband. 




SUBMILLIMETER LOCAL OSaLLATORS FOR 


HETERODYNE SPECTROSCOPY* 
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SUMMARY 

The far infrared or submillimeter portion of the electromagnetic 
spectrum, which spans the range of wavelengths between roughly 50 pm and 
1.0 mm, is experiencing a tremendous growth in activity due to rapidly 
emerging source technologies. This paper reviews the major technological 
Innovations in continuous wave (CW) submillimeter sources which are 
specifically suitable for application as local oscillators in heterodyne 
systems. A description of the various sources is given which underscores 
the general principles and operating features for each type of device. 
Particular emphasis is placed on OW optically pumped lasers, which have had 
a dramatic impact as widely available sources of narrow linewidth coherent 
radiation. The state-of-the-art is summarized for these lasers and 
performance data are presented for a compact and reliable local oscillator 
package recently developed at the Aerospace Corporation and for several 
different designs from other laboratories. Optically pumped lasers are 
then compared and contrasted with other competing sources such as backward 
wave oscillators, IMPATT diodes, and Josephson junctions. By comparing 
their advantages and limitations for use as local oscillators, the 
potential applications of these different sources are projected. The 
prospects for Increased tunability, reliability and scalability are briefly 
considered, and several novel techniques for generating partially tunable 
radiation using Schottky diode mixers or CW Raman lasers are highlighted. 

I. INTRODUCTION 


The submillimeter wave (SMMW) portion of the electromagnetic 
spectrum between the infrared and millimeter regions corresponding to 
wavelengths between 50 pm and 1.0 mm is experiencing tremendous growth due 
to rapidly developing source technologies. In spite of absorption by 
atmospheric water vapor in the SMMW region, there is an enormous wealth of 
information to be somehow obtained within this large segment of the 
spectrum that covers nearly two decades in frequency. This potential 
provides strong motivation for attempts to exploit the recent progress in 
source availability. 


*This work supported by the Division of Magnetic Fusion of the U. S. 
Department of Energy 
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Many practical applications of SfIMW technology in areas such as 
high-resolution astronomy [1], plasma diagnostics [2], remote sensing of 
upper atmosphere constituents [3], molecular spectroscopy [4], Imaging and 
non-destructive testing [5], and all-weather radar and communication [6] 
will require the advantages of high spectral resolution and sensitivity 
provided by heterodyne systems. Coherent sources are essential as local 
oscillators in any heterodyne system, and several excellent general review 
articles on SMMW sources are available [7], [8]. The aim of this paper is 

to review the present state-of-the-art of the most promising continuous 
wave (CW) SMMW sources suitable for local oscillator applications. 
Strictly speaking this paper should only assess the relevant properties of 
SMMW sources. However, it is useful to preface the detailed description of 
the various sources with some general remarks about SMMW heterodyne 

receivers. 

In contrast to other spectral regions, the performance of a SMMW 
heterodyne receiver is so intimately coupled to the performance of both the 
local oscillator and the mixing element that an understanding of these 
receivers requires some discussion of the complete "front end". There are 
two possibilities for a heterodyne receiver: ■ one chooses either a tunable 
oscillator and a narrow band detector or a fixed frequency 
oscillator and a broad band detector. Both approaches have been 
successfully demonstrated in the SMMW range. A very important 

consideration in both cases is the minimum local oscillator power for which 
maximum sensitivity can be obtained from the mixer. This requirement is a 
strong function of the selected mixer element. 

The most widely used mixer element at microwave and millimeter wave 
frequencies is the Schottky diode. It is a room temperature, wide 
bandwidth device having high sensitivity and good mechanical stability. A 
basic property of a Schottky diode is that substantial local oscillator 
power is needed to minimize its conversion loss. On the order of a few 
milliwatts is typically required at lower frequencies near mm, and 

this increases to tens of milliwatts as one goes toward higher 
frequencies. Such SMMW power has been difficult and expensive to obtain in 
the past, and this was the primary limitation in the development of SMMW 
technology. However, recent innovations in SMMW sources, particularly the 
optically pumped lasers, have provided the necessary local oscillator power 
needed for efficient Schottky diode receivers. If one can accommodate 
cryogenic mixers such as photoconductors or Josephson junctions, the 
requirements on local oscillator power are significantly relaxed at the 
expense of the added complications with helium cooled operation. In 
addition, the photoconductors have fundamental bandwidth limitations of 
<100 MHz. Besides the threshold requirements on output power, there are a 
number of other criteria listed in Thble I which also must be considered 
when comparing the choices for a local oscillator. In the next section 
these criteria will be used to compare the competing sources in an attempt 
to evaluate the potential of each type for local oscillator applications. 
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II. CW SUBMILLIMETER SOURCES 


SMMW source development Is being pursued from both of the bounding 
spectral regions. From the low frequency side efforts are underway to 
extend millimeter wave technology toward higher frequencies. Others are 
trying to transfer optical or laser techniques from the high frequency end, 
so that one often finds a blend of these two technologies in the SMMW 
transition region. The overlapping and intermingling of technologies are 
reflected in Table II which lists the possible CW sources to be considered. 

Heading the list are the optically pumped lasers, which have had a 
revolutionizing impact on SMMW technology since their inception in 1970 
[9]. Particular emphasis will be placed on describing the latest 
developments in these rapidly maturing sources. 

Backward wave oscillators are a considerably older vacuum tube 
technology which has enjoyed renewed interest in the SMMW region because of 
their highly desirable tunability. 

Josephson junctions are more esoteric devices which offer the 
potential of acting simultaneously as both the mixing element and the local 
oscillator. LO power can be derived from the internal Josephson 

oscillation in the junction Itself, with the frequency of this internal 

oscillation proportional to the voltage bias across the device. In 

principle, a readily tunable receiver is then possible. The main source of 
difficulty with the internal LO mode of operation is the broad linewldth on 
the order of 1 GHz, which is characteristic of such Josephson 

oscillations. Promising results have been reported at short MMW 

frequencies [10], however, so this type of system cannot be ruled out for 
wide bandwidth heterodyne systems in the future. Unless arrays of 
junctions can be developed, Josephson devices do not appear to be the best 
prospect for tunable coherent SMMW sources with milliwatt level output 
powers. However, Josephson devices will continue to be of importance as 

heterodyne mixers in conjunction with external LO sources because they are 
highly nonlinear, extremely fast, and have very low LO power requirements 
on the order of 1-10 yW in the SMMW region [11]. 

IMPATT diodes are solid state sources which have been operated into 
the SMMW region, and combined with harmonic generators offer some hope of 
achieving compact solid state local oscillators in the near future. 
Progress in these two areas will also be covered in the following sections. 

Electric discharge lasers can provide large amounts of power up to 
about 300 mW, but only at a very few fixed frequencies at short SMMW 
wavelengths. This limits their utility in heterodyne applications [12]. 

Gyrotrons are receiving considerable attention lately as sources of 
exceedingly high power and efficiency [13] . CW output power on the order 
of 1.5 kW has been reported at a wavelength of 0.9 mm [14], but the main 
emphasis is on achieving high power and these are large devices at 
present. Gyrotron oscillators have poor temporal coherence and it appears 
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that these devices cannot be scaled down in size and power for LO 
applications without significant loss in efficiency. 


In the following sections, advantages and limitations will be 
discussed in more detail for a few selected sources which have been most 
successfully utilized in practical heterodyne applications. 

III. BACKWARD WAVE OSCILLATORS 


The operating features of a backward wave oscillator (BWO) or 
carcinotron can be very briefly described in a highly simplified manner 
with the help of the cross-sectional diagram given in Fig. 1. An electron 
beam is emitted from a cathode (1) and is focused through an Interaction 
region (4) by a magnetic field $ (3) and is collected at the collector 
(6). The electron beam moving in a vacuum interacts with a periodic 

structure (4) which supports the generated electromagnetic wave. The 

interaction is phase— matched for the wave in the reverse direction to the 
electron beam (hence the name backward wave oscillator) and is coupled out 
through the output port (5). The BWO is essentially a voltage tunable 
oscillator whose tuning characteristics are strongly dependent on the 
characteristics of the periodic slow wave structure. The advantages and 
limitations are summarized in Table III for these devices. 

The primary advantage of the BWO is the continuous electrical 
frequency tuning which can be done rapidly without mechanical 

adjustments. The typical tuning range for a wideband BWO is about 20% of 
the center frequency. Thomson CSF, Paris, offers the highest frequency 
commercially available carcinotrons (up to 400 GHz) and they are presently 
developing tubes which would have output powers > lOmW in the 400-600 GHz 
range [15]. Frequencies of up to 1,300 GHz have been reported for 
laboratory models [16] , but above 300 GHz the efficiency of operation falls 
off rapidly. Table IV shows that at X = 0.4 mm the efficiency has fallen 
to less than 2 x 10 '^%, compared with 11% for a tube designed for 
X = 4.0 mm. Unless there is a considerable advance in the technology of 
cathode emitters, there seems to be little hope of pushing the efficient 
performance to higher frequencies. 

State-of-the-art in performance for SMMW BWO's is illustrated in 
Fig. 2 which shows the operating characteristics of an extended bandwidth 
BWO intended for use as a local oscillator in a heterodyne receiver [17]. 
Continuous spectral coverage from 320-390 GHz with greater than 10 mW 
output power is achieved at rather low power consumption. One obvious 
technical weakness of the BWO is the strong variation in the output power 
as the frequency is changed (Fig. 2) due to the unintended resonances in 
the guiding structure and the output couplers. 

A relatively high sensitivity of the output frequency to the beam 
voltage of 10-30 MHz/V for these tubes would seem to preclude their use in 
heterodyne systems when a stable frequency is necessary. However, recent 
studies [18] designed to evaluate the potential of using BWO's as local 
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oscillators for heterodyne spectroscopy have shown that they can be readily 
phase-locked to an external stable reference source of lower frequency. 

Linewidths as narrow as 750 kHz at 40 db below thei peak value at 244 GHz 

were achieved. These same studies measured the noise properties in the 

230-380 GHz range of three different tubes. Noise temperatures were in the 
1000-3000°K range at an IF frequency of 1.4 GHz, which corresponds to a 
signal to noise ratio approximately equal to 120 db/MHz. This resulted in 
the conclusion that the BWO has all of the required qualities of a tunable 
oscillator for wavelengths near X»1 mm and several successful heterodyne 
experiments have already been performed [19], [20], [21], 

A fine example of a practical application of a BWO in a SMMW 
heterodyne receiver is the recent observation of the carbon monoxide 
molecule in interstellar clouds by Erickson [22], who was able to achieve 
system noise temperatures as low as 3400°K (SSB) at 345 GHz. The 

requirements for high voltages and magnetic fields make carcinotrons 
relatively large and heavy (10-30 kg), but this situation may be improved 
with the development of new advanced magnetic materials. 

The BWO performance at long SMMW wavelengths is satisfactory, but 
there are, however, basic fundamental limitations to extending the 
efficient operation of BWO's to higher frequencies. Serious fabrication 
difficulties arise, because extremely high precision of machining and 
alignment is demanded for SMMW operation. The slow wave structure has to 
be machined to tolerances within 1pm and the dimensions of the structure 
are on the order of a fraction of a free space wavelength. As the size of 
the device decreases, a difficulty arises in avoiding serious heat 
dissipation due to unwanted interception of the electron beam by the 

structure. Along with these problems are additional circuit losses which 

increase at least as the square root of the frequency due to the decrease 
in the skin depth and even more rapidly increasing losses caused by surface 
machining imperfections. All of these loss mechanisms contribute to the 
rapid power falloff with increasing frequency, and impose severe 
requirements on the electron beam quality, particularly with respect to the 
high values of beam current density and magnetic focusing field required. 
To offset the increasing losses, the beam current must be intreased to 
densities of 10-20 A/cm'^, which can only be obtained at cathode 

temperatures exceeding the values usually recommended for long life. 
Lifetimes of 1000-2000 hours are typical for tubes operating near 300 GHz 
and decrease at higher frequencies. These rather short lifetimes, the high 
cost of approximately $80,000 for the tube and its stabilized high voltage 

power supply, and the limited availability of these devices, especially for 

frequencies above abut 400 GHz, diminish the prospect of near term 
widespread application of the BWO as a local oscillator for the SMMW 
region. 


A very promising alternative electron beam oscillator design, the 
ledatron [23], offers the possibility of overcoming or reducing the 
deficiencies of the BWO. Oscillation at X=1 mm has been observed with a 
peak power of about 300 mW and a tuning range of 40%, but these tubes are 
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still in an early stage of development and more work is needed to establish 
the potential for efficient SMMW operation. 

IV. IMPATT DIODE OSCILLATORS 


Over the past several years, significant progress in increasing 
output power and efficiency has been achieved with silicon IMPATT diode 
oscillators operating at frequencies up to about 300 GHz [24]. These 
results clearly place IMPATT diodes as the premier solid state device for 
the generation of millimeter wave power. Therefore, their potential for 
extension into the SMMW region must be examined. 

The operating principle of IMPATT (impact avalanChe and transit 
time) diodes is based on the injection of carriers, generated in a reverse- 
biased p-n junction by avalanche breakdown, into an intrinsic drift 
region. The electric field across the drift region is high enough so that 
the velocity of the electrons is constant and independent of the electric 
field. When an alternating voltage is applied, a phase delay occurs 
between the current and the voltage waveforms due to the transit time 
effect. This results in a frequency dependent negative resistance that can 
be used to give oscillation when the crystal is incorporated in a microwave 
circuit as in Fig. 3. Variation of the external circuit impedance allows 
the frequency of oscillation to be tuned over a broad range since the 
negative conductance covers a wide frequency bandwidth of 10-20%. Bias 
current tuning is the most effective way of producing broadband swept 

frequency generation, and high frequency modulation rates (>100 MHz) can 
be achieved. Mechanical tuning is necessary for optimum performance at a 
specific frequency and this is achieved by varying the position of the 

movable short in the oscillator circuit. 

A comparison of the properties of IMPATT devices is given in lable 
V. Besides tunability, there are many other attractive features of such a 
solid-state generator like compact size and ruggedness, low power 
consumption, and reliable operation with long lifetimes. These advantages 
would make IMPATT devices highly desirable as local oscillators in the SMMW 
region if the high efficiency operation can be extended to higher 
frequencies . 

Unfortunately, there are some fundamental limitations which have 
hindered the scaling of IMPATT's to higher frequencies. The current state- 

of-the-art is shown in Figure 4 where the steep falloff in output power 

with frequency above the demarcation point at about 100 GHz can be clearly 
seen. The output power is ultimately limited by the realizable circuit 
impedance which causes the mismatch between the device and the circuit to 
become increasely difficult to overcome at higher frequencies. The power 
falloff is mainly due to the adverse effects of the diode package and 
mounting parasitics. Limitations other than transit time effects have also 
been considered. There are problems with diffusion aided spreading and 
buildup of the injected current, and with the frequency response of the 
avalanche process itself [25] . 
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As one attempts to extend IMP ATT operation to higher frequencies, 
the diode dimensions must be reduced to reduce the parasitic capacitance 
effects. Unfortunately, thermal problems associated with dissipation of 
the power increase as the size of the device decreases. Since the 
parameters of the junction are strongly dependent on temperature, the 
minimization of thermal resistance in device packaging plays an Important 
role in performance [26]. The physical dimensions of the device also 
become inconveniently small and severe demands are placed on processing and 
fabritation techniques. Recent Improvements in output power from the MMW 
devices are primarily due to diamond heat-sinking and improved packaging 
techniques. Commerically available CW IMPATT oscillators can now produce 
single device outputs of 700 mW at 94 GHz, 100 mW at 140 GHz, and 25 mW at 
220 GHz. Recently, liquid nitrogen cooled Si IMPATT' s have produced output 
powers of 2.2 mW and 4.5 mW at frequencies of 412 and 295 GHz respectively 
with a tuning range of 10% [27]. With such output powers these devices 
are on the verge of being useful as LO sources and hopefully developments 
in this area will continue. 

Another serious problem with IMPATT oscillators is the very high 
noise level, which is attributable to the random way in which the avalanche 
grows from a few initial ionizing events. The noise exceeds that of a 
klystron or Gunn diode MMW oscillator and for this reason they are 
difficult to use as LO's in low noise receivers. Recent results have shown 
that they can be phase-locked at harmonic frequencies through injection- 
locking with a fundamental mode reference source of high frequency 
stability and low noise [28] . But as yet it is difficult to assess the 
extent to which this technique will be effective in the SMMW region. 

The catastrophic fall in efficiency as the frequency approaches the 
SMMW region is reasonably well understood and it is unlikely that efficient 
operation will be extended beyond 400 GHz with conventional techniques. 
Perhaps a quasloptical approach to diode packaging may be the only way to 
extend the frequency coverage further into the SMMW range. There is no 
doubt about IMPATT utility at the long wavelength end of the SMMW spectrum, 
and, as shown in the following section, harmonic generators can provide 
useful extension of the frequency coverage. 

In addition to avalanching, electron tunneling can occur in a 
sufficiently thin p-n junction and this leads to a tunnel transit time or 
TUNNETT mode of oscillation [25]. Since tunneling is a very fast process 
(10 sec), the idea of using a tunnel transit time mode offers promise of 
enabling one to extend the frequency limit well beyond 300 GHz, assuming 
the appropriate quasloptical circuit can be devised. Further experimental 
work on TUNNETT's should enhance their value for SMMW systems. 

V. HARMONIC GENERATORS 


The long-standing method of harmonic generation in nonlinear 
junctions pumped by tunable sources offers the possibility of extending the 
range of tunable MMW oscillators into the SMMW region. The formidable 
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problems of pushing existing MMW sources to higher frequencies, combined 
with recent advances in the fabrication of Schottky diodes have caused 
renewed interest in these harmonic generation techniques. 

A harmonic generator is simply a frequency converter in which power 
is generated at a higher frequency by exploiting a nonlinearity in the 
current-voltage characteristic. For example, the current through a 
Schottky diode will contain harmonics of the frequency of the driving 
field, and this harmonic power can be radiated into free space or into a 
waveguide in which the diode is mounted [29], In principle harmonic power 
can be generated in proportion to 1/n"^ at the nth harmonic of the applied 
field, but the useful range of frequencies is limited by junction 
capacitance and impedance matching to the external circuit [30] . Higher 
frequencies require special fabrication techniques that produce extremely 
small area contacts with diameters of 0. 1-2.0 ym and very low values of 
junction capacitance [31]. These small contact areas create a limit on the 
amount of generated harmonic power, however, since they restrict the 
allowable fundamental pump power to about 100 mW. Above this power level 
the diode will usually burn out or suffer electrical breakdown. 

The most successful device of this type has been a crossed waveguide 
harmonic generator (Figure 5), and conversion efficiencies of 2% giving 2 
mW of output power at 228 GHz have been obtained [29], The maximum second 
harmonic output was 3.5 mW at 226 GHz for the saturation limit of 200 mW of 
input power from the source klystron, and a frequency tunability of about 
5% was retained. In the 200-300 GHz region more recent results have 
achieved second harmonic conversion efficiencies as high as 6-8% yielding 4 
mW at 270 GHz, and 2-3 mW was produced at 305 GHz with ~1% conversion 
efficiency in a tripling mode [32]. This represents sufficient LO power 
for good conversion efficiency in a Schottky diode mixer at these 
frequencies, and has allowed system noise temperatures of 3100°K (SSB) to 
be reached at 270 GHz [32]. 

Further into the SMMW region, output powers of about 0. 1 mW have 
been obtained at 447 GHz [30] which are thus far insufficient as sources of 
LO power for Schottky diode mixers. However, these power levels will 

suffice for He cooled InSb or Josephson mixers, and several heterodyne 
receivers have been realized for such applications as measuring the first 
SMMW molecular line in an astronomical source [33] , and for airborne 
observation of atmospheric ozone in the 440-530 GHz region [34] . In 
molecular spectroscopy, more SMMW experiments have been performed using 
this technique than with any other [35]. Above about 500 GHz, however, 

harmonic generation has not proved a useful source of LO power even for the 
very sensitive cryogenic detectors. 

Some improvement can be anticipated as new fabrication techniques 
are introduced, since these sources are as yet relatively undeveloped. If 
more power can be generated in the future, the favorable features of these 
devices will bring them into much more widespread use. 
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VI 


OPTICALLY PUMPED MOLECULAR LASERS 


All of the sources previously discussed are characterized by a 
drastic falloff in output power with increasing frequency. Transit time 
effects, unrealizable mechanical tolerances, and impedance matching 
problems severely limit their high frequency response. To circumvent these 
limitations a fresh approach was needed. The departure from attempts to 
extend conventional technology to higher frequencies was pioneered in 1970 
by Chang and Bridges, who introduced the optically pumped molecular (0PM) 
laser [36]. The optical pumping technique has now succeeded in generating 
a rich spectrum of laser lines from X » 40 to 2000pm, thereby bridging the 
gap in source availability up to the infrared. A comparison of 0PM lasers 
with other CW SMMW sources (Fig. 6) shows that for frequencies greater than 
600 GHz they are clearly the dominant source technology [37]. A brief 
outline of the operating features of these lasers is worthwhile, since they 
have had such a dramatic impact on the SMMW region. Detailed descriptions 
are available in several excellent review articles [37], [38]. 

The basic operation of an 0PM laser is illustrated in Figure 7. 
Transitions between specific rotational energy levels within the ground and 
first excited vibrational states of a polar molecular gas are utilized in 
both the absorption and emission processes. Ihe pumping is achieved 
through an accidental near coincidence between a rotational-vibrational 
absorption line of the molecule and a suitable pump laser line. Ihe 
intense and efficient CO 2 laser emission lines in the infrared near 
X = 10pm are almost exclusively used for this purpose. Ihe pump photons 
selectively excite a particular rotational level in the excited vibrational 
state and produce population inversion between the unoccupied adjacent 
rotational states. In typical molecules like CH^F and CH^OH possessing a 
permanent dipole moment, the large rotational transition matrix elements 
lead to high gain, and laser emission can be achieved with a suitable 
optical cavity. The molecular kinetics are also very Important for 
efficient CW operation of an 0PM laser. In the steady state, vibrational 
relaxation through diffusion or V-T/R processes must be sufficiently fast 
to prevent destruction of the Inversion by rotationally thermalizing 
collisions. Operating pressures are typically limited to the 100 mtorr 
region by the relatively slow rate of vibrational relaxation in diffusion 
dominated systems, such as CH^F, and this adversely affects the rate of 
energy extraction by limiting the pump absorption. However, non-diffusion 
limited operation using molecules such as CH 2 F 2 with very fast V-T/R 
relaxation rates has recently overcome this limitation, leading to 
Increased CW power and operating efficiencies as high as 32% of the 
theoretical limit [39], [40]. 

The physical components which make up an actual 0PM laser system are 
displayed in Figure 8. The setup consists of a grating tuned CW CO 2 laser 
with a single line output power in the range of 10-50 W. Ihe pump 

radiation is normally injected into the SMMW resonator by focusing through 
a hole in one of the cavity end reflectors. The more common resonators and 
output coupling schemes have been well reviewed [41], [42], but in general 
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the best beam mode quality, linear polarization, and output powers have 
been obtained from hollow dielectric waveguide resonators [43]. The 
combination dielectric-metallic rectangular waveguide is another 
configuration [44] which has proven to be very useful for Stark tuning 

[45], high speed modulation [46], and phase-locking of the laser output 

[47] . Output coupling can be accomplished with a simple hole in the cavity 
end reflector, but for practical applications where output beam quality is 
important some type of hybrid output coupler either metal mesh-dielectric 

[48] or dielectric-hole coupler [43] is necessary. 

The properties of 0PM lasers are summarized in Table VI. A prime 
advantage of the 0PM laser as a local oscillator is its inherently narrow 
linewidth, since molecular transitions in these low pressure gases yield 
gain linewldths of < 10 MHz. 0PM lasers are easily constructed and 
relatively inexpensive. Commercial systems complete with power supplies 
and associated electronics are available for under $40K from a number of 
suppliers, so that these sources are widely available to researchers. 

Another important advantage of these lasers is their versatility. A large 
number of emission lines (>1000) are available, so that there is almost 

complete coverage of the entire SMMW range with an average spacing on the 
order of a fraction of a wavenumber [49]. A single laser can also be made 

to operate over the entire SMMW on a variety of wavelengths by tuning the 

CO 2 pump. Molecules like CH^OH [50] and CH 2 F 2 [51] each have more than 50 
laser lines spread throughout this region. For other wavelengths, it is 

often a relatively simple procedure to change the laser gas. These lasers 

operate sealed-off because there is no discharge to destroy the lasing 
molecules. This allows very high frequency stability, about three orders 
of magnitude better than for free running electric discharge SMMW lasers 
[52]. Phase-locking to a low frequency reference standard has also been 
demonstrated [53]. 

The major disadvantage of 0PM lasers is their lack of tunability. 
Stark tuning offers the potential for increased range, but only up to about 
100 MHz [54]. Recent advances in Schottky diode mixer technology have 
practically eliminated this problem, however since IF bandwidths as large 
as 20 GHz can be now obtained [55]. In conjunction with the available 
laser lines, this increased bandwidth will allow a heterodyne spectrometer 
to be built which provides almost complete coverage of the SMMW region 
[56] . Several novel techniques have also been recently demonstrated for 
increasing the tuning of 0PM lasers and they will be described in the 
following section. Another limitation of 0PM lasers is their inherent 
inefficiency. The optical pumping process at best cannot achieve power 
conversion exceeding about one-half of the Manly-Rowe limit [37]. Only a 
handful of lines actually operate with CW conversion efficiencies within an 
order of magnitude of this limit, but the proliferation of new source 
molecules such as CH 2 F 2 has greatly added to the number of such strong SMMW 
laser lines. Relatively low efficiency imposes larger size and higher 
power requirements on the CO 2 pump laser system, and the need for two laser 
resonators increases the complexity of the overall system. Amplitude 
instability caused by coupling between the two laser cavities has been a 
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problem in the past, but recent design improvements have now essentially 
eliminated this problem. None of the limitations for 0PM laser sources 
have proved insurmountable, and compact and well engineered systems have 
been built in several laboratories. 

One such 0PM laser system was constructed at the Aerospace 
Corporation for use in a transportable heterodyne receiver suitable for 
diagnostic experiments on large Tokamak plasma machines [57]. Several 
unique design features have been Incorporated into this new self-contained 
0PM laser package. Because of the stringent requirements for reliable 
operation in hostile environments and remote field sites, this new design 
is much more complex than the laser normally used in the laboratory. For 
compactness and mobility, both the CO 2 pump laser and the FIR laser 
cavities were built into a single Invar frame with overall dimensions of 

2.0 m X 0.4 m x 0.4 m. Figure 9 shows a view of the complete package with 

the CO 2 pump laser mounted above the SMMW waveguide resonator. The low 

temperature coefficient of expansion of Invar helps to ensure the long term 
temporal stability of the laser power and frequency. In addition, a 
temperature controller circulates constant temperature coolant throughout 
the structural components of the frame. Provisions have also been made for 
remote-tuning of the CO 2 and SMMW lasers for operation from remote control 
areas. Ihe highest possible CW output power is required, as well as a 

small angular divergence for the output beam. To achieve these goals, the 
SMMW laser is equipped with a state-of-the-art hybrid output coupling 
mirror. 


Preliminary performance measurements have been obtained with two 
prototype systems operating in our laboratory. Using CH 2 F 2 as the lasing 
medium, true CW output power of typically 45 mW is obtained at a wavelength 
of 214.7 pm with long term amplitude stability of ±3% (Figure 10). It must 
be emphasized that this excellent amplitude stability has been achieved 
without actively stabilizing the CO 2 pump laser, and conceivably it can be 
Improved with such a stabilization system. Another important feature of 

the package is that it can be operated in a sealed-off mode with a single 
fill of CH 2 F 2 gas for extended periods of up to 2 weeks. This is very 
desirable for increased reliability and ease of day to day operation. A 

vapor trap has also been constructed that can be used to recapture and 
recycle the CH 2 F 2 gas for a number of cycles, since the chemical reactivity 
of this molecule is quite low. 

The noise spectrum and frequency stability of this SMMW laser 
package are critical performance characteristics. These parameters were 
measured by heterodyning two of these lasers together. The outputs from 
both lasers were mixed in a 0.25pm Schottky diode mixer fabricated in 

house and optimized for the high laser frequency [58] . The IF signal 

produced by offsetting one laser 3.9 MHz from the other in Figure 11 

confirms single mode operation from both lasers, since only a single beat 
note is present on either side of the receiver center frequency. The free- 
running frequency stability of the beat signal in Figure 12 was better than 
20 kHz, as measured from the half-width of the signal for a two minute 
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exposure. This excellent level of performance is well within the 

requirements for local oscillator applications in Tokamak diagnostic 
experiments, and plans to utilize this system for such measurements are now 
underway. 

Another noteworthy design has been developed at the NASA Goddard 
Space Flight Center, where CO 2 pump laser radiation is injected off-axis 
into a novel four-fold degenerate Gaussian resonator within the SMMW 
waveguide [59]. This has the advantages of Improved stability, through 
elimination of feedback effects and greater efficiency associated with 
better utilization of the pump power. The technique may prove especially 
useful for many of the more weakly absorbing gases other than CH 2 F 2 . 
Excellent amplitude and frequency stability has been obtained with this 
system, which is described in detail elsewhere in these proceedings [60]. 

A SMMW heterodyne receiver system has also been constructed at the 
Max Planck Institute for Radio Astronomy for the observation of 

interstellar molecules [61] . Figure 13 shows results for heterodyne mixer 

conversion loss indicating that values as low as 11.6 dB have been achieved 
at 761 GHz. This translates to a system noise temperature of only 3,670°K 
(DSB) [62]. From Figure 13 one can see that the conversion loss for this 
Schottky diode is not yet saturated up to the maximum available laser LO 
power of 10 mW. This establishes a lower limit on the amount of LO power 

necessary for efficient performance at these high frequencies, and Implies 
that with Increased LO power it will be possible to achieve still lower 

system noise temperatures. 

0PM laser technology is now rapidly maturing, and several well- 
engineered systems have been designed and constructed for various 
purposes. Present levels of performance are sufficient for local 

oscillator applications in practical heterodyne systems well into the SMMW 
region. Novel techniques described in the following section for extending 
the tuning range of 0PM lasers will contribute significantly to their 
utility, and the accelerating rate of advance in 0PM laser technology 
should lead to additional practical applications during the next 1-3 years. 


VII. NOVEL OPTICALLY PUMPED LASER TUNING TECHNIQUES 


The techniques of sideband generation and CW stimulated Raman 
emission have recently been extended into the SMMW region. These advances 
show promise of eliminating the serious tuning problems now associated with 
0PM lasers. 


The principle of generating tunable sidebands is Illustrated in 
Figure 14. A quasi-optical Schottky diode mixer is fed coaxially with 
tunable microwave radiation and simulataneously irradiated with the output 
of an 0PM laser. Tunable sidebands are generated at the SMMW frequency by 
nonlinear mixing in the Schottky diode and radiated bv the long wire 
antenna of the corner cube mixer. Output powers of 10 W continuously 
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tunable from 2.5 to 18 GHz have been obtained in this way from the first 
SMMW experiments [63]. Initial laboratory experiments have used this 
tunable SMMW source in an infrared-submillimeter double resonance study of 
an excited vibrational state in CH^F [64]. A Schottky diode heterodyne 
receiver easily detected the sideband radiation with signal to noise ratios 
of 40 dB, and since the time response is fast the kinetics of energy 
transfer processes could also be Investigated. Thus, the Introduction of 
these tunable sources combined with the sensitive heterodyne detectors has 
opened up the possibility for new types of high resolution SMMW 
spectroscopic studies. 

The technique of CW stimulated Raman scattering in a three level 
molecular system is schematically Illustrated in Fig. 15. An intense pump 
laser with frequency v is nearly resonant with an infrared transition of 
frequency with aH offset Av = v - v^l* Using the nonlinear 

properties of^ the molecular gas It^lf, ^a signal is generated by the 
stimulated Raman effect near the rotational frequency '^ 32 * contrast to 

the two step resonant absorption and re-emission process of a normal 0PM 
laser, the CW Raman laser is a simultaneous two-photon process, and 
changing of the pump offset will tune the SMMW frequency by the same 
amount. The tuning in the Raman case is larger, since in the normal laser 
the change in the emission frequency is reduced by the ratio of the SMMW 
frequency to the pump frequency due to the Doppler effect. Experiments 
have been conducted with NH 3 ** and HCOOH [65] and Interpreted as the 
first observations of stimulated SMMW Raman lasing using a CW pump laser. 
These results demonstrated that Raman effects can be observed at the power 
levels typical in a CW 0PM laser, and that dramatic increases in tuning 

range can be achieved. A frequency tuning of 50 MHz, which is roughly the 
tuning range of the CO 2 pump laser, was observed using NH 3 at 67ym. This 
corresponds to about an order of magnitude increase in tunability. Raman 
emission has the additional advantage that the power scaling behavior will 
also be different from normal 0PM lasers, and could eventually lead to 

higher achievable output powers. Although very promising, this technique 
is still in the preliminary stages of development and more work will be 
needed to fully assess its true potential. 

VIII. CONCLUSION 

This review has summarized the state-of-the-art performance of CW 

SMMW sources. Each source type was introduced with a brief description of 
its basic operating features. The advantages and limitation of the various 
devices were then compared in an attempt to assess their potential for 

application as local oscillators in low noise heterodyne receivers. 


**Unpubllshed article by G. D. Wlllenberg, U. Huebner, and J. Heppner 
entitled "Far Infrared CW Raman Lasing in NH 3 ." 
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The assessment of the current situation leads to the following 
conclusions. Ihe combination of a sealed-off, high power 0PM laser and a 
room-temperature Schottky diode mixer is an extremely attractive package 
for heterodyne systems. Present levels of performance are sufficient for 
many practical applications. As a consequence of the new compact and 
reliable laser packages. Immediate applications to scientific problems and 
feasibility studies can be expected. The near term outlook is that 0PM 
lasers will be implemented, simply because of their availability, 
throughout the SMMW range. For frequencies above 500 GHz, they are the 
sole alternative. In the long wavelength portion of the SMMW spectrum, 
backward-wave oscillators have demonstrated satisfactory performance in 
heterodyne systems. However, high cost, limited availability, and a 
reputation of short lifetime have prevented widespread applications. In 
spite of these limitations, backward-wave oscillators are currently the 
only sources of widely tunable coherent SMMW radiation. At present, solid 
state sources such as the IMPATT diode have not yet reached a stage of 
development to be useful in the SMMW region. The long range prospects are 
good that further efforts will lead to compact tunable solid state SMMW 
sources. In the near future, harmonic generators will extend the useful 
range of both the BWO and IMPATT devices to higher frequencies, but 
probably not much beyond 600 GHz. 

A solid foundation now exists for continued development of SMMW 
sources, but SMMW technology is still in its infancy and significant work 
remains. As in the past, progress will depend on the synergistic 
relationship between practical applications and viable sources. The 
necessity to exploit the unique properties of SMMW radiation in Important 
applications will accelerate the advancement of SMMW sources. Improved 
source performance, in turn, will multiply the number of potential 
applications. This cycle can be expected to continue, and significant 
results can be anticipated from SMMW heterodyne systems in the near future. 

The assistance of my colleagues, D. T. Hodges and J. R. Tucker, in 
critically reviewing the manuscript is gratefully acknowledged. 
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TABLE I.- CRITERIA FOR COMPARISON OF CW SMMW LOCAL OSCILLATORS 


• OUTPUT POWER 

• FREQUENCY RANGE 

• EFFICIENCY 

• TUNING BANDWIDTH 

• FREQUENCY STABILITY 


• LINEWIDTH 

• LIFETIME 

• NOISE 

• SIZE 

• COST AND AVAILABILITY 


TABLE II.- SUMMARY OF CW SMMW SOURCES 

• OPTICALLY PUMPED LASERS 

• BACKWARD WAVE OSCILUTORS 

• JOSEPHSON JUNCTION OSCILLATORS 

• IMPATT DIODES 

• HARMONIC GENERATORS 

• SIDEBAND GENERATORS 

• ELECTRIC DISCHARGE LASERS 

• GYROTRONS 



TABLE III.- PROPERTIES OF BACKWARD WAVE OSCILLATORS 


• ADVANTAGES 

• CONTINUOUSLY TUNABLE ELECTRICALLY 

• WIDE RANGE OF TUNABILITY 

• NARROW LINE WIDTH 

• EASILY PHASE OR FREQUENCY LOCKED 

• LOW NOISE CHARACTERISTICS 

• COMPACT 

• LIMITATIONS 

• FABRICATION PROBLEMS 

• RELATIVELY HIGH COST 

• UNAVAILABILITY 

• RAPID POWER FALLOFF WITH FREQUENCY 

• REDUCED LIFETIME AT HIGH FREQUENCIES 


TABLE IV.- CHARACTERISTICS OF AVAILABLE CARCINOTRONS 


WAVELENGTH 

(mm) 

CURRENT 

(mA) 

VOLTAGE 

(kV) 

POWER 

(W) 

EFFICIENCY 

(%) 

4 

65 

6 

38 

11 

2 

45 

6 

8 

4 

1 

30 

10 

1.4 

0.5 

0.5 

35 

10 

15 X 10“^ 

4 X 10"^ 

0.4 

35 

10 

9 X lO"^ 

2 X 10"^ 

0.35 

45 

10 

0.25 X 10'^ 

6 X 10'^ 
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TABLE V.- PROPERTIES OF IMPATT DIODES 


• ADVANTAGES 

• COMPACT SIZE AND RUGGEDNESS 

• POTENTIAL LONG LIFE AND RELIABILITY 

• WIDELY TUNABLE 

• MODEST DC POWER REQUIREMENTS 

• POTENTIAL HIGH EFFICIENCY 

• LIMITATIONS 

• HIGH NOISE LEVELS 

• WIDE LINEWIDTH 

• RAPID POWER FALLOFF AT HIGH 

FREQUENCIES 

• UNAVAILABILITY 


TABLE VI.- PROPERTIES OF OPTICALLY PUMPED MOLECULAR LASERS 


• ADVANTAGES 

• INHERENTLY NARROW LINEWIDTH 

• EASILY CONSTRUCTED AND WIDELY AVAIUBLE 

• RELATIVELY INEXPENSIVE 

• WIDE SPECTRAL RANGE 

• HIGH FREQUENCY STABILITY 

• PHASE- LOCKED OPERATION DEMONSTRATED 

• VERSATILITY 

• LIMITATIONS 

• LACK OF TUNABILITY 

• INEFFICIENT 

• HIGH POWER REQUIREMENTS 

• INSTABILITIES 

• INCREASED COMPLEXITY 

• RELATIVELY URGE SIZE 
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Figure 3,- Cross-sectional diagram and equivalent circuit of an IMPATT 

oscillator (after Ref. 24) - 



Figure 4,- State-of-the-art performance of IKPATT diodes (after Ref. 24) 
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Figure 11.- Heterodyne mixing of two 0PM lasers. 


30 kHz BW -20 dBm 



-4 -3 -2 -1 0 1 2 3 4 

20 kHz/DIV I 5 msec/DlV 


CENTER FREQ =2.0 MHz 
EXPOSURE TIME =2.0 min 


Figure 12.- Frequency jitter of heterodyne beat signal. 
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Figure 13.- Schottky diode mixer performance at 761 GHz (after Ref. 62) 



Figure 14.- Schematic diagram of a Schottky diode tuneable sideband 

generator . 







Figure 15.- Energy level diagram illustrating resonantly enhanced Raman 

scattering in a three-level system. 



SUB MM LASER LOCAL OSCILLATORS: 


DESIGN CRITERIA AND RESULTS 

Gerhard A. Koepf* 
Phoenix Corporation 


INTRODUCTION 


The main thrust in cw submillimeter (smm) laser research in the past has 
been toward the discovery of laser lines and toward higher output power levels. 
Diagnostic experiments were limited to a very small number of gases. They were 
directed toward the pump absorption and pressure dependence regime ^1,2,3J. 

Very little attention has been paid to the spectral features of the smm laser 
emission. It was only recently that gain profile and frequency stability meas- 
urements were performed [4,5,6]. The general experience was that these lasers 
are quite unstable sources and in the common design not generally suitable for 
local oscillator applications [5,7]. The reasons for this are that (1) power 
and frequency changes of the CO 2 pump laser translate into power and frequency 
changes of the smm output, (2) that reflections of pump radiation from the smm 
resonator cause severe instabilities of the pump laser and (3) that smm reson- 
ator instabilities are often very critical because of resonance effects at the 
pump frequency. In the following, new diagnostic results will be given of the 
spectral features and the power conversion efficiency. As a result of these 
experiments, several criteria are obtained for the design of frequency stable 
and efficient smm lasers for local oscillator applications. Finally, a new de- 
sign is described and results on the power output and power and frequency sta- 
bility will be given. 


*This work was performed under Contract No. NAS5-26030 for the Instrument 
Electrooptics Branch, NASA, Goddard Space Flight Center. 
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SMM LASER DIAGNOSTICS 


Spectral Features 

The harmonic mixing technique has been used for heterodyne diagnostics of 
the smm laser output at a number of laser lines ranging from 170 ym to 1221 ym. 
This technique has been applied before to measure the absolute frequency of smm 
laser lines [8,9,103. A GaAs Schottky Barrier diode in a quasloptical mount 
was used to generate very high harmonics of microwave frequencies and for down 
conversion of the smm laser frequency [ 11 ]. With this technique we obtained 
frequency multiplication factors up to 145. This made diagnostics of the 
170 ym line of CH 3 OH possible with a signal to noise ratio of over 30 dB. The 
spectral features of the laser gain were studied by tuning the laser resonator 
while displaying the beat frequency on a spectrum analyzer screen in a high 
persistence mode. Several basic physical effects could be isolated by a proper 
choice of the laser gas, the laser gas pressure, the pump intensity and the 
pump frequency. 

Generally, at the low operating pressures of the laser gases, the pump 
radiation travelling back and forth in the resonator acts velocity selective on 
two groups of molecules [!]• When operated at extremely low pressure, also the 
smm laser transition is Doppler broadened. In the absence of substantial ve- 
locity cross relaxation and power broadening, the laser gain profile consists of 
two distinct spikes of Lorentian shape. The separation of the spikes is tun- 
able by the pump frequency, and their width increases with increasing satura- 
tion of the pump and the smm transition. These effects could be verified for 
the first time at the 496 ym line of CH 3 F. One example is given in Figure 1. 

The difference in amplitude of the spikes is due to differing pump rates in the 
two directions. 

Another type of gain profile splitting is due to the Autler-Townes or 
dynamic Stark effect [l2]. The strong pump field in the laser acting on the 
molecules lifts the M-degeneracy of the rotational levels. The laser transi- 
tion splits up into 2 (j+1) lines, where J is the rotational quantum number of 
the upper laser level. At normal operating pressures, these lines are colli- 
sion broadened. The resulting shape of the gain profile depends on the type 
(P,Q,R) of the pump and laser transition on the magnitude of the pump field and 
the pump frequency [13]. This effect, which is well known in pulsed smm lasers, 
has recently been observed also in a CW amplifier and in the CH 3 OH laser [^]- 
However, measurements of the line shape have not been reported so far. Our 
harmonic mixing technique revealed that dynamic Stark splitting is present at 
a large number of laser lines under regular operating conditions. We succeeded 
to Isolate this effect best at the 1221 ym line of C^^H 3 F as shown in Figure 2. 
The observed line shape verifies the expected profile well: In this case, there 

are 5 pairs of M-sublevels. The largest splitting occurs for M=0 and the low- 
est for M=5. The highest amplitude goes with M=l. The symmetry of the two 
peaks indicates close to resonant pumping. 

A less well known spectral feature of smm lasers is their tendency to 
relaxation oscillations. Such oscillations can readily be observed with fast 
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detectors on many lines in the time domain when the pump laser operates in a 
chopped mode. Generally these oscillations are of a damped kind; however, they 
also may occur in a continuous mode, especially when the pump laser is not well 
stabilized. The frequency of these oscillations is typically a few MHz. At 
low pressures it increases approximately with the square root of the pressure 
and the pump rate. At high pressure and high pump rate it approaches a fixed 
value. We have verified this behavior with observations in the time and fre- 
quency domain [14]. Our harmonic mixing technique allowed a clear discrimina- 
tion against transverse mode beats by the existence of symmetrical frequency 
components and by the fact that the observed width of the gain profile is less 
than the oscillation frequencies. 


Pump Absorption 

Our concept of controlled pump beam propagation described below allows to 
measure the pump power reflected from the smm laser resonator. With the laser 
evacuated, we measured reflection of 40-50% of the pump power depending on the 
pump frequency. A part of these losses (about 15% per pass) are due to the 
tight dimension of the injection hole and the unfavorable mode of the pump 
laser. We also observed 5% losses per pass through the Brewster window and a 
total of 10-20% reflection losses at the resonator mirrors. As the laser gas 
pressure is decreased the reflected pump power decreases. The absorption co- 
efficient, the transition from saturated to unsaturated absorption and the 
transition from Doppler broadening to homogeneous broadening is specific to 
each gas. Therefore, the particular dependence of the returned power versus 
pressure plotted in Figure 3 is not relevant. However, it shows how much or 
how little pump power is actually absorbed at a number of representative laser 
gases, when operated at their optimum pressure .and at optimum pump detuning. 


DESIGN CRITERIA 

These diagnostic experiments provide new inputs into the question of how 
to improve the stability and efficiency of optically pumped smm laser local os- 
cillators. Generally, a single mode operation on a low loss mode with high 
mode quality is required. This points the way to rather large diameter dielec- 
tric waveguides. The Doppler contribution and the dynamic Stark splitting 
should be avoided; variations of the pump frequency and pump Intensity cause 
complicated changes of the gain profile shape. This leads to changes in the 
smm oscillation frequency by the cavity pulling effect. In smm lasers cavity 
pulling is very pronounced because the line Q and the resonator Q are of the 
same order of magnitude. Of the line splittings the dynamic Stark splitting 
by the pump field is observed more likely. Most laser lines operate well be- 
yond the Doppler broadened regime. Therefore, low pump intensities are desir- 
able as they are obtained by using larger waveguide diameters. 

A high degree of frequency and power stability of the pump laser is a 
prerequisite for smm laser local oscillator applications. However, even the 
best known stabilization schemes are insufficient if pump power feedback from 
the smm resonator to the pump laser is given. CO 2 lasers are also quite sensi- 
tive to cavity pulling. 
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A further cause of instabilities are resonances of the pump frequency 
inside the snun resonator. In the common mode of optically pumping, the pump 
beam is reflected back and forth in the resonator in an uncontrolled way. 
Standing waves are built up that are highly sensitive to changes in resonator 
length. Such changes are translated to the smm field. As a consequence, the 
smm laser sensitivity to thermal and acoustical effects is greatly increased. 

The criteria for high conversion efficiency of the pump power into smm 
radiation follow from our Figure 3. The pump power actually absorbed in the 
laser gas at the optimum pressure is generally only a fraction of the power 
provided by pump laser. This explains the rather small conversion efficiencies 
reported throughout the literature. The highest reported values (20-30%) are 
given for difluoromethane . This is a gas with an exceptionally high absorption 
at its operating pressure ^15,16j. It is estimated that most of the power is 
absorbed in this gas after one round trip, such that losses into the waveguide 
walls and reflections are of no importance. However, if we use the power actu- 
ally absorbed in the gases as given in Figure 3 as a reference, we obtain con- 
version efficiencies of over 25% of the theoretical values also for other gases 
that are rather weak absorbers. The laser design therefore should avoid a high 
degree of pump saturation and provide a long interaction length of the pump 
beam with the laser gas besides minimizing losses in the waveguide walls. The 
design criteria as discussed in this section are summarized in Table I. 


• Stabilize pump laser in power and frequency 

• Avoid feedback of pump radiation 

• Minimize resonances of pump field 

• Minimize cavity pulling effects due to gain 
profile splitting 

• Control pressure and temperature 

• Provide single mode operation 

• Provide efficient pumping 


Table I. Criteria for smm laser local oscillator design. 


LASER LOCAL OSCILLATOR DESCRIPTION 

The new concept of controlled pump beam propagation has been Introduced a 
while ago [17]. A four-fold degenerate resonator configuration is chosen with 
two mirrors of 6m radius of curvature separated at 1.76m. The pump beam is in- 
jected through a hole that is displaced halfway between the center and the rim 
of the mirror. As it is shown schematically in Figure 4, the pump beam makes 
four roundtrips through the resonator. It diverges to a maximum diameter and 
converges to a beam waist before leaving the resonator through the injection 
hole. The total interaction length with the laser gas is I4m. No resonances 
and no losses into the waveguide walls occur. The outgoing beam is at an 
angle of about 1/2 degree. It separates from the ingoing beam after a distance 
and can be reflected to an absorber or to a power meter. Feedback into the 
pump laser and pump resonances are completely eliminated. 
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The smm laser head consists of a stainless steel tube that supports the 
3.8mm ID glass waveguide, with flanges at each end for attachment of the mirror 
and window assemblies. The mode coupling losses introduced by the use of 
curved mirrors are minimal [18]. At wavelength below 150-200 ym, the resonator 
becomes Gaussian. One of the laser end assemblies is separated from the flange 
by vacuum bellows. It includes a large diameter differential drive centered at 
the axis for length tuning. The mirror assemblies are joined together by three 
invar rods. The thermal expansion of the rods is compensated by high expansion 
aluminum sleeves. 

For the CO 2 laser we chose active stabilization by locking it to the 
resonance frequency of a temperature controlled, mechanically and thermally 
stable etalon. The scheme is shown in Figure 5. The pump beam passes through 
a ZnSe disc which is rotated close to Brewsters angle so that about 100 mW are 
split-off. One part of this beam serves to monitor the pump power level, the 
other part is matched to the confocal etalon with a lens. In addition to the 
tunable DC voltage, a 41 Hz dither voltage is applied to the piezoelectric 
translator in the etalon which modulates the transmission band. The power mod- 
ulation of the transmitted beam is phase detected, and a high voltage is de- 
rived for length control of the CO 2 laser resonator. When the feedback loop is 
closed, the etalon DC voltage can be used to tune the pump laser frequency for 
maximum smm laser output power. This stabilization scheme provides a pump beam 
which is essentially free of modulation. 


Description of Laser Performance 

The output power of the smm laser and the pump laser were recorded 
simultaneously over extended periods. The smm laser was operated in a sealed- 
off mode. Due to residual leaks in the vacuum system, pressure increases of 1-2 
mTorr per hour were observed. A warm-up period of one hour was allowed before 
making measurements. The temperature of both end assemblies, the steel tube 
and the invar rods were monitored with themocouples. The readings never ex- 
ceeded 2-3°C above room temperature. As a consequence, the resonator requires 
no re-adjustment after the warm-up period. 

From the recordings a drop by 4% and by 1.5% follows for the putput power 
of the smm laser and the pump laser, respectively, over a period of two hours 
(see Figure 6) . During this time the PZT voltage that controls the CO 2 laser 
frequency is driven through its entire range of 1000 V by the active loop cir- 
cuit. It was observed that the CO 2 laser always drifts toward lower frequen- 
cies, even after several hours of operation. Relocking of the control loop at 
the other end of the PZT voltage range occurs automatically, sometimes within 
as little as 10 seconds. The somewhat larger drop of the smm power seems to be 
caused by pollution of the laser gas. After several hours of operation, the 
original power level could usually be obtained only with a freshly filled laser 
tube . 


These results can be considered typical for lines that are pumped with the 
CO 2 laser operating not too far off its line center. This was confirmed by ad- 
ditional although less extensive measurements at a number of other lines rang- 
ing from 70 ym to 1.22mm. For detunings of more than 40 MHz from the line 
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center the locking of the loop is less reliable because of mode competition. 
The spectral range of the CO 2 laser is about 90 MHz. The output power levels 
at a number of characteristic lines as indicated on the scale of a Scientec 
power meter are given in Table II. 


WAVELENGTH 

LASER-GAS 

READING 

118 

ym 

CH 3 OH 

62.0 

mW 

170 

ym 

CH 3 OH 

39.0 

mW 

206 

ym 

CD 3 F 

25.0 

mW 

247 

ym 

CD 3 F 

15.0 

mW 

394 

ym 

HCOOH 

38.0 

mW 

433 

ym 

HCOOH 

32.0 

mW 

447 

ym 

CH 3 I 

32.0 

mW 

496 

ym 

CH 3 F - SFg 

15.0 

mW 

513 

ym 

HGOOH 

17.0 

mW 

570 

ym 

CH 3 OH 

3.5 

mW 

747 

ym 

CHsBr 

3.0 

mW 

1221 

ym 

C ^^HaF 

2.5 

mW 


Table II. Laser output power readings from Scientec power meter. 


The laser output was also investigated with a wave analyzer. It was found 
that the dither frequency of 41 Hz produces a 0.4% modulation, while the 60 and 
120 Hz components from the CO 2 discharge are below 0.3%. 

With respect to matching of the laser beam to the antenna pattern of a 
mixer, the mode pattern of the laser beam is of importance [ 19 ]. The laser was 
found to operate alternately on a strong and a very weak transverse mode when 
the resonator length was changed. The cross section of the strong mode was re- 
corded in the focus of a lens by a pyroelectric detector with an aperture of 
1mm. This revealed an almost perfect Gaussian intensity pattern, which is sur- 
prising to some degree in view of the toroidal excitation volume of the pump 
beam, the hybrid hole coupler and the large number of relatively low loss modes 
in a waveguide resonator. The linear polarization of the mode was ensured by a 
polarizer. 

The frequency stability of the laser was investigated by mixing the laser 
beam with harmonics of a very stable microwave oscillator in a Schottky diode. 

As compared to other similar efforts [20], a very simple approach of generating 
a stable reference in the smm region was chosen. The output of a stable syn- 
thesizer operating in the X-band was amplified and applied to the diode coaxial- 
ly through a bandpass filter. Due to the strong nonlinearity of the diode very 
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large multiplication factors can be obtained. By using the 62nd harmonic, and 
tuning the synthesizer through a 50 MHz wide band centered at 12.25 GHz, beat 
signals ranging from 10 MHz to 2.5 GHz were obtained. After a second down con- 
version into the 150 MHz band, a frequency counter with printer and a spectrum 
analyzer were used to monitor the long term frequency stability of the laser 
line at 761 GHz of formic acid. 

The short term fluctuations of the beat signal as displayed on the spectrum 
analyzer were typically 5-10 kHz wide, in close agreement with other measure- 
ments performed at this line [5]. In this reference, heavy pump power feedback 
is mentioned to have affected the stability measurements for time intervals 
above 0.1 second. In our laser no such effects could be observed. For long 
term frequency measurements, the printer was set to take samples at different 
time intervals. The observed frequency changes varied in rate and direction. 
Over a one second and a one minute time interval mean drifts of 7 AO Hz and lA 
kHz were obtained. The Allan variance for these intervals was calculated to be 
7.8 10 and 1.2 10 ®, respectively. The lowest and highest frequencies re- 
corded over one locking period of the CO 2 laser (two hours) were about 0.5 MHz 
apart. 

The frequency drifts are mainly attributed to drifts of the CO 2 pump laser. 
Aside from the active stabilization, there are several mechanisms that can 
cause frequency drifts. The stability of the etalon is limited to 1.5 MHz per 
day. The active loop electronics are not perfectly linear and are also subject 
to thermal drifts. In addition, small changes in the orientation of the CO 2 
laser beam were observed to shift the transmission band of the etalon. Such 
directional changes of the pump beam can occur as a consequence of the tuning 
of the CO 2 laser by the PZT mounted grating. 


CONCLUSIONS 


A simn laser with an amplitude and frequency stability suitable for appli- 
cation as a local oscillator in a high resolution heterodyne radiometer/spec- 
trometer has been described. The mode pattern is very close to a Gaussian 
profile so that efficient coupling to a quasloptical mixer is possible. The 
laser provides sufficient output power at a large number of lines to drive the 
mixer into the low conversion loss regime. Radiometric integration times of 
several minutes with a spectral resolution of 1 MHz will be possible. With 
present state-of-the-art Schottky mixers and low noise preamplifiers a radio- 
metric temperature resolution of a few K can be expected over a spectral range 
from 500 to 900 GHz. 
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Figure 1.- Gain profile splitting due to velocity selective pumping: CH^F 

pumped with 9P20 line at 3m Torr pressure; center frequency 604 GHz, 

1 MHz/div. 



13 

Figure 2.- Gain profile splitting due to dynamic Stark effect: C H 3 F pumped 
by 9P32 line at 36m Torr pressure; center frequency 245 GHz, 1 MHz/div. 
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PRESSURE 


Figure 3.- Measurement of pump power reflected from resonator for representa- 
tive laser gases at their respective optimum operating pressures. The 
pressure scale is uncalibrated. 



PUMP BEAM PROPAGATION IN FOURFOLD 
DEGENERATE RESONATOR 


Figure 4.- Schematic of four fold degenerate resonator and pump beam footprints. 
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Figure 5.- CO^ laser stabilization and pump beam propagation - 
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DESIGN CONSIDERATIONS FOR OPTICAL HETERODYNE RECEIVERS: A REVIEW 


John J. Degnan 

Instrument Electro-optics Branch 
NASA Goddard Space Plight Center 
Greenbelt, Maryland 20771 


ABSTRACT 


By its very nature, an optical heterodyne receiver is both a receiver and 
an antenna. Certain fundamental antenna properties of heterodyne receivers are 
described which set theoretical limits on the receiver sensitivity for the 
detection of coherent point sources, scattered light, and thermal radiation. 

In order to approach these limiting sensitivities, the geometry of the optical 
antenna-heterodyne receiver configuration must be carefully tailored to the 
intended application. The geometric factors which affect system sensitivity 
include the local oscillator (LO) amplitude distribution, mismatches between the 
signal and LO phasef rents, central obscurations of the optical antenna, and 
nonuniform mixer quantum efficiencies. The current state of knowledge in this 
area, which rests heavily on modern concepts of partial coherence, is reviewed. 

Following a discussion of noise processes in the heterodyne receiver and 
the manner in which sensitivity is increased through time integration of the 
detected signal, we derive an expression for the mean square signal current 
obtained by mixing a coherent local oscillator with a partially coherent, quasi- 
monochromatic source. We then demonstrate the manner in which the IF signal 
calculation can be transferred to any convenient plane in the optical front end 
of the receiver. Using these techniques, we obtain a relatively simple equation 
for the coherently detected signal from an extended incoherent source and apply 
it to the heterodyne detection of an extended thermal source and to the back- 
scatter lidar problem where the antenna patterns of both the transmitter beam 
and heterodyne receiver must be taken into account. Finally, we consider the 
detection of a coherent source and, in particular, a distant point source such 
as a star or laser transmitter in a long range heterodyne communications system. 
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1. INTRODUCTION 


Heterodyne or coherent detection can be advantageous in a variety of 
applications. Heterodyne receivers have at least two features which are quali- 
tatively different from incoherent (or direct detection) receivers (ref. 1 ) . 
First of all, the receiving bandwidth is determined by the IF bandwidth which, 
in principle, can be varied at will to give very high spectral resolution. 
Secondly, information related to the phase of the radiation signal is retained 
in the IF output and the outputs of two or more receivers can be correlated to 
make coherence measurements comparable to the aperture synthesis techniques of 
radio astronomy. 

To achieve high spectral radiation with incoherent or direct detection 
systems, radiation filters or spectrometers must be utilized and the combination 
of very narrow bandwidth and high sensitivity (low loss) is usually difficult to 
realize. In general, a heterodyne receiver will be more sensitive than a direct 
detection receiver with an equivalent noise equivalent power (NEP) for spectral 
resolutions below a cutoff bandwidth which depends on the NEP and the infrared 
wavelength (refs. 1, 2) . The sub-Doppler spectral resolution of heterodyne 
receivers can be exploited to study the molecular constituents and kinematics 
of remote sources yielding specific information such as altitude profiles of 
absolute abundance of the species, vertical temperature profiles, and wind 
velocities (ref. 3) . In detecting extraterrestrial thermal sources, the infor- 
mation is gathered by passive heterodyne spectrometers whereas, in our own atmo- 
sphere or in planetary atmospheres visited by spacecraft, active backscatter 
lidars can be employed. In contrast to the above applications where the radia- 
tion signal is totally incoherent or only partially coherent, the signal from 
the laser transmitter in a heterodyne communication system (ref. 4) is coherent 
except as modified by atmospheric effects (ref. 5) . This article attempts to 
present a unified theory of heterodyne receivers which addresses the optical 
design considerations for all of these applications. 

A representative heterodyne receiver is illustrated in Figure 1. Signal 
radiation is collected by an optical antenna and focused, along with a local 
oscillator beam, onto a square-law frequency mixer operating at the radiation 
frequency. The latter beams have center frequencies V 3 and and powers 

P 3 and Pl. The two frequencies mix to give an output spectrum centered at the 
inteirmediate frequency Vjp = '^S ~ where Vjp is much smaller than the 

infrared frequencies Vg and Vg and typically on the order of a GHz or less. 
The resulting signal current is amplified by an IF amplifier of bandwidth Bjp 
and rectified by a nominally square-law detector to give a current output pro- 
portional to the power in the IF. This is usually input to a low-frequency 
filter or integrating circuit to further enhance the spectral resolution and/or 
sensitivity and is then recorded. 

Although the present article will address most factors influencing the per- 
formance of the receiver in Figure 1, it will emphasize the design of the optica 
front end of the receiver for a variety of applications and, in particular, the 
manner in which the optical antenna geometry and local oscillator distribution 
affect system sensitivity. In Section 2 of this paper, we review the noise 
processes relevant to the IF signal and discuss the system signal-to-noise in 
the IF in terms of an as yet undefined mean square signal current. Section 3 


462 



briefly outlines the sensitivity improvement achieved by time integration tech- 
niques. In Section 4, we address the calculation of the mean square signal 
current in the mixer plane for a general, partially coherent, quasi-monochromatic 
source and, in Section 5, demonstrate the manner in which the IF signal calcula- 
tion can be transferred to any convenient plane in the optical front end of the 
receiver. In Section 6, we apply the general result to the specific problem of 
coherently detecting an extended incoherent source. The results of that section 
are then applied to the heterodyne detection of an extended thermal source in 
Section 7 and to the backscatter lidar problem in Section 8 and some useful 
design guidelines are generated. In Section 9, we apply the results of Sec- 
tion 4 to the detection of a spatially coherent source such as a laser trans- 
mitter in a heterodyne communications system or a distant point source such as 
a star. 


2. THE SIGNAL-TO-NOISE RATIO OF A HETERODYNE RECEIVER 

The power signal-to-noise ratio of a heterodyne receiver is a measure of 
its sensitivity since setting the ratio equal to one permits calculation of the 
noise equivalent power (NEP) . It is given, in most cases of interest, by 
(ref. 1) 


^ y 

Njpower <ig2> + + <^^2> + <i^2> + <^^^2^ 


( 2 . 1 ) 


2 

We will leave the calculation of the mean square signal current <ij^ ^ to later 
sections and limit our present discussion to the various noise terms in the 
denominator of Equation (2.1). 

The local oscillator induced shot noise, or quantum noise, <^ig^^ is 
often the dominant noise if hv >> KTg where Tg is the equivalent blackbody 
temperature of a thermal source lying inside the antenna pattern of the 
receiver. Shot noise is due to fluctuations in the rate of arrival of LO pho- 
tons. If the LO power is much greater than the signal power, the mean square 
shot noise current is given by 


<ig^> = 2BeB 


IF^DC 

23e2fi 


^IF 


hv 


fL 


drg riQ(rD) iL(rD) 


( 2 . 2 ) 


where igQ is the DC current generated by the LO, e is the electronic charge, 
Bif is the intermediate frequency bandwidth, and hV is the photon energy. 

The integrand contains the detector quantum efficiency r|g and the LO intensity 
Ijj which are assumed to vary over the plane of the detector defined by the two- 
dimensional coordinate r^. The parameter 3 equals 1 for photoemissive mixers 
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while, for photoconductors, it equals 2 due to fluctuations in the generation 
and recombination of charge carriers as described by Levinstein (ref. 6) . 

One can rewrite Equation (2.2) in the more familiar form 


<is^> » 


2r|Q3e 

hv 


(2.3) 


if we define an average quantum efficiency Pq ^ly 




/X 




//o 


(2.4) 


dro 


and Pj^ is the local oscillator power incident on the detector. 


Radiation from a thermal source contained within the receiver field of view 
and the receiver bandwidth Bjp will be coherently detected and subject to 
so-called "heterodyne amplification." In some experiments, such as in passive 
heterodyne spectrometry, this thermal source is the object of study, while in 
others it corresponds to unwanted background noise. We will show in later 
sections that it can be described by the equation 


<i^^> 


2rjQT1ije 

hV(e^'^/^^ - 1) 


(2.5) 


where Erj, is an overall efficiency which depends in part on the design of the 
optical front end. 

Fluctuations in background radiation, which spectrally is outside the 
receiver bandwidth but within the infrared response band of the mixer, will also 
produce noise currents, given by <^ig^^ in Equation (2.1) as will sources of 
radiation outside the antenna pattern of the receiver but inside the heterodyne 
receiving bandwidth. McLean and Putley (ref. 7) have derived expressions for 
this noise component which are complicated functions of wavelength, spectral 
interval, detector area and temperature, and field of view. The latter noise 
is not amplified by the heterodyne process, however, and can be rendered 
negligible by choosing a large enough local oscillator power and by spatially 
and spectrally filtering the input radiation. 

Two other important sources of noise are Johnson or thermal noise asso- 
ciated with the mixer and the IF amplifier. The mixer noise is given by 
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<ij"> = 


( 2 . 6 ) 


4KT^BjP 


% 


where and are the mixer's (or mixer load resistor's) temperature and 
resistance as seen by the IF amplifier. For most cooled mixers, this would be 
negligible compared with the amplifier noise given by 



MR,, 


(2.7) 


where and are the amplifier's noise temperature and input resistance, 

and M is a factor less than unity which accounts for impedance mismatches 
between the mixer and amplifier. 

Clearly, other sources of noise exist. "Excess noise" is common in 
receivers which employ diode laser local oscillators and generally arises from 
multimode effects or other non-ideal behavior in the LO. Noise can also be 
introduced at the electrical contacts to the mixer element or by temperature 
fluctuations in the mixer. These sources are unique to specific systems and 
will not be considered further here. 

With sufficient LO power, most of the above noise sources can be made 
negligible relative to the quantum noise and/or the background thermal 

noise contribution <^iip^^. If the mean square signal current is given by an 
expression of the form 

2 

j PgR^ (2.8 


where Pg is the received signal power and yet undefined 

heterodyne receiver efficiency, then, under strong LO illumination, the signal- 
to-noise ratio tends to 




'^HET^S 


power <i 2^ + ^.2^ 


hVB 


IF 


+ Rip jj 


exp (hv/KT) 


- 


(2.9) 


Setting the latter ratio equal to one and solving for Pg/^IF yields the noise 
equivalent power per unit bandwidth; i.e.. 


NEP (W/Hz) 


hv 

%ET 


+ Rp [^xp (hV/KT) 



( 2 . 10 ) 
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where Hhet t)oth depend on the optical front end geometry. In the 

quantum noise limit (hV >> KT) , Equation (2.10) reduces to 

NEP(W/Hz) = (2.11) 

’^HET 


whereas, in the thermal limit (hV « KT) , it becomes 


NEP (W/Hz) 


nrp 

^HET 


KT 


( 2 . 12 ) 


If we include mixer and amplifier Johnson noise, we can write for a general 
photoconductor 


NEP (W/Hz) 


2hV 

’^HET 


n_hv 

T 


K(T^ + T^) 


HET 


J^exp(hv/KT) - ij 


where G is the "conversion gain" defined by Arams et al. (ref. 8) . 


(2.13) 


3. DETECTION AND TIME INTEGRATION 

If the power signal-to-noise ratio in the IF is less than unity, the signal 
can be detected by integrating the detector output over a sufficiently long 
period of time. The voltage signal-to-noise ratio at the filter output in 
Figure 1 is linearly related to the power S/N by the equation (ref. 1) 


V 


(I) 


power 



1/2 


(3.1) 


The latter equation assumes that the IF amplifier has a rectangular bandpass 
spectrum (double sideband) , the rectifying detector is an ideal square-law 
device, the final output filter has a noise bandwidth much less than B^p 
and the power S/N is much less than unity. Smith (ref. 9) has considered 
the more general case where the IF amplifier is not strictly square-law and does 
not have a rectangular bandpass spectrum. He has also considered power S/N 
ratios much greater than unity. If the output filter is a single stage RC 
circuit such that B^ = Tq/ 4 = RC/4, Equation (3.1) becomes 
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4. COHERENT DETECTION OF A GENERAL QUASI-MONOCHROMATIC SOURCE 

2 

We turn now to the calculation of the mean square signal current c^ij^j ^ 
for a general quasi-monochroma tic source. This problem has been considered pre- 
viously by Rye (ref. 10) and McGuire (ref- 11) . With only minor modification, 
the derivation given here parallels that of McGuire. If we assume that the 
detected radiation lies within a frequency bandwidth Avg that is narrow with 
respect to the center frequency Vg, the real signal field at the mixer plane 
can be represented by an expression of the form 

Eg(rj3,t) = \/T Re^EgCr^.t) (4.1) 


where o)g = 2 TT\;g and the complex signal field envelope Eg(rj),t) at the point 
r^ in the detector plane varies slowly in time relative to the exponential 

exp(i(jOgt). The time dependence of the envelope might reflect the modulated 
output of a transmitter laser in a heterodyne communications system, the ampli- 
tude and phase fluctuations inherent in the signal from an incoherent thermal 
source or backscatter lidar, or even the effects of atmospheric turbulence on 
the signal. The envelope, through its dependence on the detector coordinate 
rj^, also contains spatially dependent amplitude and phasefront information. 

If we represent the LO field by a similar expression, the current out of 
the square-law mixer is given by 


i (t) = 


e 

2hv 


fl 


< 3 rn 


[r,{ 


Eg(rn,t) e 


iWgt 


+ E. 




ICO. 




(4.2) 


where co^^ is the LO center frequency and the integral is over the active 
detector area. Upon performing the quadratic multiplication of fields in 
Equation ( 4 . 2 ), we obtain both sum and difference frequencies. High-frequency 
sum terms varying as exp (±2ic0gt) , exp (±2ic0j^t) , exp(±i (cOg+cOg) t) , lie outside the 
bandwidth of the mixer and hence can be ignored. The difference terms produce 
two "DC" currents corresponding to the average signal and local oscillator 
induced currents and an additional mixing term given by 





ff 

Uv/j 



-j. ^ ^ i, ^ iWjpt 

drg, ng(rQ) Re<Eg(rp,t) Ej^ (r^rt) e 


(4.3) 
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where the IF frequency co^p = oig - Squaring Equation (4.3) yields 


(t) 


hV 




X Re 


fl ffu 

|Eg(rQ,t) EL*(rj-,,t) e | Re|Eg(rp',t) EL*(ro',t) e | 

flu If n 

X j^Re|Eg(?j^,t) Eg*(?j^‘,t) Ep(?j3',t) E^*('r^,t)| 

+ Re|Eg(?j^,t) Eg(?^',t) Ej^*(?jj,t) EL*(?j5’,t) 


(4.4) 


If we average the above expression over a time interval T short compared to 
the coherence times of the signal and local oscillator field (Tg and Tj^) but 
long compared to the IF beat period, Tjr/ we may write 


2 1 2 
(t) = - / dt i/(t) 

•'t-T/2 

~ flu 

X Eg(rp,t) Eg*(rp',t) EL(rp',t) Ep*(?p,t) (4.5) 


since the field envelopes can be viewed as effectively constant over this time 
interval and hence the terms varying as exp (±2i(j0jpt) in Equation (4.4) average 
to zero over an IF beat period. In certain applications, such as passive 
heterodyne spectrometry of a thermal source, the integration time can be 
arbitrarily long. The limit of Equation (4.5) as T approaches infinity is 
then 
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^t+T/2 

<±M > = lim - I dt 

•' t-T/2 

x<Eg(rj5,t) Eg* (rj-,' ,t)> <EL(rp' ,t) Ej^*(rj^,t)> (4.6) 


where we have invoked the fact that the signal and local oscillator fields are 
statistically independent and hence the fourth-order correlation function 

<Es(rD,t) Eg*(rQ',t) EL(r£,',t) EL*(rp,t)^ can be written as the product of two 

second-order functions. The second-order correlation functions can be related 
to quantities appearing in the theory of partial coherence by noting that the 
"mutual coherence function" (MCF) of a quasi-monochromatic, stationary optical 
signal field is defined by (ref. 12) 


r 


s 



= < Eg (r , t+T ) Eg*(r2,t)> 


iWgT 


(4.7) 


Under the assumption of cross spectral purity (refs. 12, 13) , the spatial and 
time variables are separable leading to 


Fg(r^,r 2 ,T) = Jg(r^,r 2 ) g(t) e^^^^ (4.8) 

where g(0) = 1 and "mutual intensity function" (MIF) 

of the signal field. From Equations (4.7) and (4.8) we note that 
<^Eg(rD,t) Eg*(rp',t)>= Tg (rQ,rj-,' ,0) = Jg(rp,rp') and hence Equation (4.6) 
can be written in its final form 


<iM^> 


\hv 


) flu 


^ ^ (4.9) 


where Jg(rQ,rj-,') and Jj^(r^',rQ) are the mutual intensity functions of the 
signal and local oscillator fields in the detector plane. Calculation of the 
mean square mixing current by means of Equation (4.9) is not always a simple 
task due to the difficulty in computing Jg(rjj,rj^’) for many sources of 
practical interest. In ensuing sections, we will demonstrate how the calcula- 
tion can be carried out in optical planes other than the detector plane and the 
enormous simplifications that often result. 
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Before closing this section, it is worthwhile to note two useful properties 
of the mutual intensity function; i.e.. 


=<^c*(^n't) E^(r^' ,t)> = (r^' ,r^) 


'S ' D' ' S' D 


S D D' 


(4.10) 


and 




(4.11) 


where Ig(rj^) is the time averaged signal intensity at the point rj-). 


5. PROPAGATION OF THE MUTUAL INTENSITY FUNCTION 

Consider the signal electric field propagating from the antenna plane in 
Figure 2 to the detector plane. Small angle scalar diffraction theory (ref. 12) 
gives the electric field in the detector plane; i.e. , 


Es (rp,t) 



^A^^A^ ^S 


ra/t 



ikr 


le 


AD 


Xr 


AD 


(5.1) 


where k = 2tt/A , Pa(^a) is the antenna pupil function and the term in brackets 
corresponds to a Huygen ' s wavelet emanating from a point r^ in the antenna 
plane and traveling a distance r^ to a point in the mixer plane. Then, 

from the definition of the mutual intensity function (MIF) , it is clear that 


■^S^^D'^d'^ -<^Eg(rp,t) Eg*(rp',t))> 








/^(^AD-^A'D') 


^ ^AD^A'D' 




-A'D' 


-S \"-A 


(5.2) 


For a stationary process, the time origin is of no consequence and therefore 


j- (-> ^ -^ADX iz *(ri 1 4_ 

^si^A'^ c j (a c 


^A’D’ 


^S 


^A - 


(^A I n ' 


(5.3) 
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Now, if the transverse dimensions of the antenna and detector pupil are small 
compared to the coherence length of the signal radiation defined by 1 = c/AVg, 


the variation of the signal electric field over a time interval 
t = ~ negligible and Equation (5.3) is effectively the 

signal MIF in the antenna plane. Equation (5.2) then becomes the propagation 
law for the MIF as first derived by Zernike (refs. 12, 14); i.e.. 




= If If ^ 




^ik(rAD-rA'D’ ) 

^ ^AD^A'D' 


■^S (^A'^A* ) 


(5.4) 


If we substitute Equation (4.5) in (4.9) for the mean square signal current and 
reverse the order of integration, we obtain 


<iM^>= jy jy drp^' Pa(?a) Pa(?a’) Js(?A/?a') 

^yy^^D J[f 


ik(r^-rA.D.) 


^ ^AD^A'D' 


(5.5) 


where PQ(rQ) is the mixer pupil function. If we now define an effective 
local oscillator field given by 




the corresponding effective MIF is then equal to 




(5.6) 


(5.7) 


Substituting Equation (5.7) into (5.5) and comparing the resulting 
expression with the MIF propagation law (5.4), we note that the bracketed term 
in Equation (5.5) is simply the MIF of the effective local oscillator back- 
propagated to the antenna plane. We may therefore write for the mean square 
mixing current 


W>= 


*^^a' ^A^^A^ ^a(^a'^ '^s(^A'^a') '^e(^a’'^a) 


(5.8) 
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The physical significance of Equation (5,8) is that the calculation of 
mean square IF signal current can be carried out in any convenient optical plane 
as first pointed out by Rye (ref. 10) . This has practical importance since it 
is usually easier, for example, to compute the backpropagation of a coherent LO 
electric field through an optical system than to propagate the MIF of an 
incoherent source in a forward direction through the system to the mixer. This 
fact will be well illustrated in later sections. 

Although we have considered only free space propagation in the present 
derivation, the approach is equally valid when intervening optical elements 
such as lenses, mirrors, and apertures are present. The simple Huygens wavelet 
in Equation (5.1) is then replaced by an appropriate transmission function for 
the optical system (refs. 10, 12). 


6. HETERODYNE DETECTION OF AN EXTENDED INCOHEPiENT SOURCE 

The expressions derived up to this point have assumed a general, partially 
coherent, quasi-monochromatic source. We consider now an important practical 
application in which the signal radiation emanates from an extended incoherent 
source and propagates to the antenna plane as in Figure 3. The propagation of 
the MIF proceeds in precisely the same fashion as in the previous section 
except that there is no coherence between the Huygens wavelets emanating from 
the infinitesimal sources located at r^ and ' • Thus the second-order 
correlation function in the source-antenna plane version of Equation (5.3) 
becomes 



(?S ' t) 




<Eg(?g,t) Eg*(?g',t)>= Is(?s) 


6(?g - 



( 6 . 1 ) 

where Ig(r 3 ) is the time averaged radiation intensity at the point rg in the 
source plane and <5(rg - rg') is the two-dimensional Dirac delta function. It 
can be shown that substitution of Equation (6.1) into the source-antenna plane 
version of Equation (5.2) and performing the double integral over rg ' yields 
the propagation law for the MIF of an incoherent source (ref. 13); i.e.. 


J 


S 






,i^(^SA-^SA') 

~2 

^SA^SA' 


( 6 . 2 ) 


where the integral is over the finite dimensions of the source. We may now 
substitute Equation (6.2) into (5.8) and reverse the order of integration to 
obtain for the mean square IF signal current 
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(6.3) 


Through use of the MIF propagation law given by Equation (5.4), we recognize 
the bracketed term in Equation (6.3) as the mutual intensity function of the 
backpropagated effective local oscillator (BPELO) evaluated at the points 
rg = ' • But, since Jg(rg,rg) = ^^(rg), the time averaged intensity of the 

BPELO in the source plane. Equation (6.3) reduces to the relatively simple 
expression 







(6.4) 


Thus we have the very useful result that the mean square IF signal current is 
proportional to the overlap integral of the extended incoherent source intensity 
with the backpropagated effective LO intensity. In the next two sections, we 
will apply this result to the detection of thermal radiation and to the back- 
scatter lidar problem. 


7. THERMAL SOURCE DETECTION 

The total power AP radiated into a hemisphere, within the IF bandwidth 
Bjp, from a small area AA on a blackbody is 


Ar, 2 tt 
AP = — 


hVB 


IF 


rexp(hV/KT) - ij 


AA 


(7.1) 


Only the power emitted in the direction of the receiver contributes to the 
signal MIF in the antenna plane. Thus, if the receiver is in a direction normal 
to the plane of the blackbody, we must multiply the above expression by a 
factor 1/tt corresponding to the power emitted per steradian in the normal 
direction. We must also multiply by 1/2 to account for the fact that the 
heterodyne receiver detects only one polarization component. Thus, the 
intensity to be substituted into Equation (6.4) is given by 


= /I ^ ^"^^IF 

S = U AA = ^2 j-3^p(hV/KT) - l] 


(7.2) 


473 



and Equation (6.4) becomes 


<1m^>= p =r // drg IeC^s) (7 

hv[exp(hV/KT) - l] JJs ^ ^ ^ 

where the integral is simply the total backpropagated effective LO power sub- 
tended by the source. 

If the dominant noise mechanism is the LO-induced shot noise given by 
Equation (2.3), the IF signal-to-noise ratio is 


/S\ ^ 

x^/power 6j^xp(hV/KT) - ij 


where r),^ is the overall heterodyne receiver efficiency for thermal source 
detection introduced in Equation (2.5) and defined by 


TIt 





(7.5) 


where rig is the average mixer quantiim efficiency defined by Equation (2.4) 
and Pl is the LO power incident on the detector. If the mixer quantum effi- 
ciency is uniform, Equation (7.5) reduces to 


iliji 




^T. (^c) 


(7.6) 


where we have used Equations (5.7) and (4.11). The quantity lL(r 3 ) is the 
intensity of the actual backpropagated LO rather than the effective LO. The 
quantity flip replaces the mixer efficiency in the corresponding equations in 
the classic paper by Siegman (ref. 15) . 


If the source is so large that the backpropagated LO is contained entirely 
within its disk radius, the integral in Equation (7.6) is simply the total LO 
power in the source plane. Except for an atmospheric transmission factor 
the latter is equal to the backpropagated LO power exiting from the antenna. 
Thus, the overall heterodyne efficiency (7.6) can be broken down into several 
components ; i . e . , 


^T 


^qVo^R 


(7.7) 


where takes into account routine optical losses due to reflections and 

scattering while qj^ is a geometric efficiency which takes into account 
vignetting, central obstructions, LO phasefront curvature, etc. in the optical 


474 



antenna. Numerically, T|j^ is equal to the fraction of the original LO power 
which exits from the antenna during backpropagation . 

As an illustration, consider the Cassegrain telescope in Figure 4. Let us 
assume that the mixer is illuminated by the fundamental gaussian mode of the 
local oscillator laser. If the gaussian mode is not truncated too badly by the 
mixer perimeter or by the secondary mirror, it remains gaussian until it is 
truncated by the primary mirror of radius a and centrally obscured by the 
secondary of radius b in the antenna plane. The geometric efficiency r|j^ is 
then given by 



y« a 2 

2 2 

2 



I dr re-2(r/uJ) 

b 

= e-^ " 

- e-“ 

(7.8) 


where CJ is the gaussian spot radius in the antenna plane and we have defined 
two parameters (ref. 16) a = a/o) and y = b/a. The geometric efficiency has 
been plotted as a function of a and y in Figure 5. 

The important thing to note in Figure 5 is that, for a given nonzero value 
of the linear obscuration ratio y = b/a, the optimum efficiency is less than 
what one would expect based on simple blockage of the incoming radiation by the 
central obscuration. For example, y = 0.5 would imply an areal obscuration 
efficiency of 1 - 75%. The peak efficiency in Figure 5, however, would 

only be about 47% if one were to choose an optimum gaussian spot radius corre- 
sponding to a = 1.3. Nonoptimum choices clearly result in significantly worse 
performance . 

Clearly, to maximize the efficiency of coherent detection of a thermal 
source which fills the receiver field of view, one wishes to choose an optical 
geometry which allows the effective backpropagated LO to exit from the telescope 
with near-unity efficiency. Although this is most easily accomplished with 
off-axis reflective telescope geometries which eliminate the central obscuration 
problem, one is not limited to such geometries in general. For example, if we 
use appropriate masks in the LO beam to create a local oscillator distribution 
in the mixer plane which matches the Airy pattern of the centrally obscured 
Cassegrain telescope in Figure 4, the backpropagated LO will form an annular 
disk in the antenna plane which matches the antenna pupil function and provides 
unity transmission. This result assumes, of course, that the mixer quantum 
efficiency is reasonably uniform. The transmission loss of the beam splitter 
in Figure 4 is included in the optical efficiency Hq. 

For such large sources, the efficiency is not sensitive to the wavefront 
curvature of the LO beam except to the extent that it modifies the LO trans- 
mission through the antenna pupil. For example, if one considers two systems, 
projecting the same gaussian spot size in the antenna plane of Figure 4 but 
having two different radii of curvature for the LO phasefronts, the fractional 
transmission and hence the receiver efficiency will be the same. The system 
with the wider backpropagated LO divergence will detect point sources near the 
optic axis with less sensitivity but this will be compensated for by the 
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detection of additional point sources which are beyond the field of view of the 
receiver with the smaller backpropagated LO divergence. On the other hand, if 
the source is of limited spatial extent, maximum detection efficiency dictates 
that the backpropagated LO be contained totally within the source pupil function 
and hence LO phasef ront curvature effects will play a more important role . For 
small thermal sources in the near field of the receiver, as in a laboratory 
experiment, this can be accomplished by choosing an optical system which effec- 
tively focuses the backpropagated LO onto the target source and provides near- 
unity transmission efficiency for the backpropagated LO. 


8. INCOHERENT BACKS CATTER LIDAR 

Consider the lidar system in Figure 6. An outgoing pulse of temporal 
width 6 is transmitted through the atmosphere illuminating the aerosol 
scatterers in its path. The mixer current at time t is due to radiation 
scattered at a time t - R/c from a voliome defined by the length c6/2 within 
the receiver field of view as determined by the backpropagated effective LO 
intensity. Although the aerosol scatterers are randomly spaced and typically 
many wavelengths apart, the return is not strictly incoherent since the 
scatterers within the volume of interest are "frozen" in their positions during 
the passage of a short laser pulse, thereby producing a coherent or "speckle" 
component in the return. Thus, based on a single return, one cannot perform 
the long time average necessary to progress from Equation (4.5) to (4.6) in our 
derivation of the mean square mixing current However, if we imagine 

repeating the lidar experiment many times over the same source volume and 
obtaining an average current waveform out of the mixer, the coherent component 
would be expected to average to zero over the ensemble of measurements due to 
the random relative motions of the scatterers. After averaging a sufficiently 
large number of current waveforms, we would then be left with the incoherent 
component. Thus, if the physical process being observed is ergodic, i.e., 
ensemble averages are equal to time averages, the mean square mixing current 
will be given by where the notation now applies to either an ensemble 

average or time average since the two are equivalent. 

With the additional argument given above, we can apply Equation (6.4) to 
the pulsed backscatter lidar problem. The source intensity function Ig which 
is now a function of range (Z coordinate) as well as the transverse coordinates, 
is given by 

Ig(R,?s) = p P(R,?s)(^) iT(R.rg) (8.1) 

where Irp(R,rg) is the intensity of the coherent transmitter beam at the 
range R and transverse coordinate rg, dO(TT)/dS7 is the differential scatter- 
ing cross section in the backward direction, c6/2 is the length of the 
scattering volume, p(R,rg) is the density distribution of scatterers, and 
p is a factor of order unity or less which takes into account depolarization 
effects. The product |^da (tt) / dfl^ Ij(R,rg) is the power scattered in the back- 
ward direction per steradian by a single scatterer located at the coordinates 
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(R,rg) while the product p(R,rg) (c6/2) is the number of scatterers per unit 
cross-sectional area in the source volume. Substituting Equation (8.1) into 
(6.4) gives 


<iM^> = 



da (tt) 
df2 



P(R/tg) Iip(R^rg) Ig(R,rg) 


( 8 . 2 ) 


which yields the important result that the mean square signal current is pro- 
portional to the overlap integral of three quantities - the coherent transmitter 
intensity, the backpropagated effective LO intensity, and the density distribu- 
tion of scatterers. It is useful to note that we have not made the assumption 
that the transmitted and local oscillator beams are coaxial in deriving Equa- 
tion (8.2). In fact, the equation can be used for bistatic lidar systems pro- 
vided the transmitter and receiver optical axes are nearly parallel and an 
appropriate offset between transmitter and LO beams is included before computing 
the integral. If the transverse separation between transmitter and receiver is 
small relative to the spot sizes of the transmitter and BPELO at the range R, 
the bistatic system can be treated as coaxial to a good approximation. 


As a simple numerical example, we now consider the case of gaussian trans- 
mitter and local oscillator beams described by 


and 





2Pl 

2 ® 
7T0)t. (R) 

J_l 


(8.3) 


(8.4) 


where P,p and Pj^ are the transmitter and local oscillator output powers and 
Wrp(R) and (jl>l(R) are the corresponding guassian radii at the range R. Sub- 
stitution of Equations (8 . 3) and (8.4) into (8.2) yields 



2ttp[p(R)c6/2]^||^^ 


Tr^[(jaj^(R) + 




(8.5) 


where we have assumed a uniform scattering density p (R) and a uniform mixer 
efficiency r|g. Clearly, increases with decreasing tOip and imply- 

ing that the signal level will be maximized in a laboratory scattering experi- 
ment by focusing the transmitter and backpropagated LO into the sample. 

If the scattering volume in the lidar system of Figure 6 lies in the far 
field of the transmitter and LO beam waists, we can use the approximations 
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(jJ,p(R) ~ Ar/ttoOijq and (R) ~ Ar/ttoj^q where OJ.pQ and oJj^q are the respective 
beam waists and R is the distance between the waists and the scattering 
volume (ref. 17). Equation (8.5) then becomes 


< V> = 2 


Hge 

hV 


27 rp[p(R)c 6 / 2 j 


da(TT) 



( 8 . 6 ) 


which exhibits the familiar R dependence for the lidar equation. Equa- 

tions (8.3) and (8.4) suggest the definition of an effective area for the 

2 2 

gaussian beam waists given by A,p = TTOi,pQ /2 and A-j^ = /2. Further defin- 

ing an average antenna area A = (Arp + Aj^) /2 and letting Aj^ = £A and 
Aip = (2 - e)A, Equation (8.6) becomes 



-0 


which has a maximum for e = 1 given by 



(8.7) 


( 8 . 8 ) 


Thus, we have demonstrated that, if we constrain the sum of the transmitter and 
receiver areas to the value 2A, we obtain a maximum signal when E = 1 or 
Al = Arp, i.e., when the antenna areas are matched. To include optical and 
atmospheric transmission losses. Equation (8.3) should be multiplied by 
and Equation (8.4) by where is the atmospheric transmission for 

the range R and PrpQ and are the efficiencies of the transmitter and 

receiver optical systems. 

It should be clear that, just as in the case of thermal source detection, 
any LO power falling on the mixer that cannot be backpropagated through the 
receiver optics to the source will contribute to the shot noise but not to the 
signal current and therefore represents a reduction in system signal-to-noise . 
Thus, vignetting, central obscurations, and phasefront errors can have a major 
impact on the lidar efficiency by (1) reducing the transmission of the back 
propagated LO and (2) influencing the antenna pattern of the backpropagated 
effective LO in Equation (8.2). The antenna patterns of vignetted, centrally 
obscured, and decollimated gaussian beams have been computed by Klein and 
Degnan (ref. 16) . 
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9. COHERENT SOURCE DETECTION 


For a spatially coherent source such as a laser or distant star, we can 
write for the mutual intensity function at the mixer 









£s ) 



(9.1) 


where £g and c()g are real functions which describe the signal amplitude dis- 
tribution and phasefront in the mixer plane. A similar expression can be 
written for the laser LO. Substituting Equation (9.1) and the LO equivalent 
into our general expression for <^iM.^^ given by Equation (4.9), we obtain for 
a coherent source 




2\ = 


— V 

hv ) 


/X 




Es(rD) 


£L(rD) e 




(9.2) 


In the trivial case where the mixer efficiency and the signal and LO beams are 
uniform over the mixer of area Aj^, Equation (9.2) reduces to the familiar form 


<iM^> = 


nge 

hv 


P P 
S L 


(9.3) 


2 

where Pg = Eg Aj^. In the most general case, we can use Equation (2.8) to 
define a coherent heterodyne efficiency given by 


'HET 




/X 


d?r 


,(X 


,) £s(^d) expai4)g(?D) 





(9.4) 


where Pg is the total signal power in the mixer plane. Equation (9.4) can 
also be written in the form 


J 

fj ng(rD) Es(rD) E^Crp) exp|i 

j^S 1 

2 


jJ ^L 

[fJ 

^ 2 



where we have used Equation (2.4) and the explicit expression for Pg . Degnan 
and Klein (ref. 18) have performed computations of ^Ihet case where the 

signal and LO phasefront curvatures are matched, the mixer efficiency rig is 
uniform and Eg (r^) is an Airy pattern formed by a centrally obscured, circular 
antenna illuminated by a plane wave from a distant point source. As the size of 
the central obscuration is increased, more incoming radiation is blocked by the 
obscuration and a smaller fraction of the radiation which reaches the mixer 
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plane is contained in the central lobe of the signal Airy pattern. Degnan and 
Klein (ref. 18) considered several illumination profiles for the LO including 
uniform, gaussian, and an Airy pattern matched to the signal Airy pattern. 

Their results are summarized in Figure 7. Optimum detection efficiency is 
achieved when the mixer captures the entire signal Airy pattern and a matched 
LO is used. In this instance, the receiver efficiency is simply 1 - 
(where y is the obscuration ratio defined previously for the Cassegrain 
antenna in Figure 4) corresponding to the areal obscuration loss and repre- 
sented by the "matched" LO curve in Figure 7. The difference between the ideal 
or "matched" LO curve and the uniform or gaussian curves corresponds to the 
heterodyne detection efficiency 

If the mixer is illuminated by a uniform LO, the optimum Airy disk radius 
(to the first null) is found to be ~ l.SSRp where Rj-, is the mixer radius. 

It should be noted that the Airy disk radius varies with the obscuration ratio 
for an optical antenna having a given f-number (ref. 18). The optimum effi- 
ciency IIhet approximately 83% for no obscuration and falls rapidly as the 

obscuration ratio is increased even if one chooses an optimum signal spot size. 
An optimized gaussian LO with waist radius O) = 0.64R^ and a central Airy 
signal disk which matches the mixer radius Rq yields greater sensitivity com- 
pared to the uniform LO since it more closely matches the intensity distribution 
of the central Airy disk for the signal. The power contained in the outer rings 
of the Airy pattern is lost, however, and this accounts for the major difference 
between the "ideal" matched LO and gaussian LO curves in Figure 7. For a more 
detailed discussion, and for more general plots of non-optimized geometries, 
the reader is referred to the original paper by Degnan and Klein (ref. 18) . 

It is a simple matter to compute the effects of misalignment between the 
signal and LO beams or of a mismatch between phasefront curvatures using the 
general expression (9.5). For example, if the two wavefronts are misaligned by 
an angle 6 in the yp direction illustrated in Figure 2, the exponential 
argument in Equation (9.5) is 




— (kc — 


kr.) • t 


D 


k sin 


Vd 


where kg and kj^ are the propagation vectors for the signal and LO beams, 
]kg| ~ jkpl s; k = 2 tt/A, and y^ is the y-component of the vector rp. For 

cylindrically symmetric fields. Equation (9.5) reduces to a special case 
previously derived by Cohen (ref. 19); i.e.. 


’^HET 







Gj^(rp) J^(krp sin 0) 






(rp) 



^L 


(9.6) 
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where is the radius of the mixer, and we have used cos (j)p and 

the integral expression for the Bessel function Jo(z)/ i-e.. 


Jo(z) 



iz 


e 


sin (p 


(9.7) 


Cohen (ref. 19) has generated plots of for a variety of source-LO 

illumination function combinations such as uniform-uniform. Airy-uniform, 
matched Airy-Airy, uniform-gaussian, and Airy-gaussian . He considered the 
tolerance of the various combinations to misalignment and allowed for a quad- 
ratically varying mixer quantum efficiency. The sensitivity to misalignment 
for the various combinations varied less than 15% relative to the most sensitive 
uniform-uniform case given by 


■^HET 


2JQ(krQ sin 0) 
kr^ sin 9 


(9.8) 


Thus, Hhet “ 0Q misalignment and BhET " ^q/ 2 for 0 = 0.5A/ (2ro) 

corresponding to a half-wavelength phase difference over the mixer diameter 2r^. 
For a wavelength of 10 ym and a mixer diameter of 200 ym, the misalignment angle 
at which the detection efficiency is reduced by a factor of 2 is 0 = 1.4°. 

For a mismatch in phasefront curvatures, the exponential argument in 
Equation (9.5) is 



4>T.(rj3) 



where Cg and C-g are the curvatures of the signal and LO phasefronts at the 
mixer plane. For cylindrically symmetric beams. Equation (9.5) reduces to 


'^HET 



riQ(rD) Eg(rp) 






2 




ng(rD) 





(9.9) 
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For the uniform-uniform case 


sin 

^HET ^ \ 


and iIhet = ° "^HET = ° for a(^] = SX/r^^ 

where Tq is the mixer radius. Thus, if the local oscillator beam has a 
planar phasefront (Cl = °°) / the signal beam phasefront curvature must satisfy 

Cs » ^oV2A. 

It should be noted in closing that we have arbitrarily chosen to perform 
the above calculations in the mixer plane . For a particular antenna or LO 
geometry, it may be more convenient to perform the computation in some other 
optical plane as noted previously in Section 5. 



10. CONCLUDING REtiARKS 

This article has attempted to present a unified approach to the calculation 
of signal-to-noise ratios in optical heterodyne receivers for a variety of 
important applications. No attempt has been made to give an exhaustive review 
of the existing literature. The references cited are those which, in the 
author's opinion, either lend themselves particularly well to the development 
of the general theory of optical heterodyne receivers given here or have pre- 
sented numerical results having widespread application. There are, for example, 
various uncited articles which present calculations of signal-to-noise for very 
specific incoherent source or backscatter lidar geometries. These have usually 
employed brute force computational methods that give little insight into the 
general approach for optimizing system sensitivity. While these provide 
excellent tests of the general theory, the articles were deemed to be too 
specialized to be included in the present review. 

Clearly, no attention has been paid to the effects of the atmosphere on 
coherent wave propagation. Although the amplitude and phase fluctuations pro- 
duced by the atmosphere are inherently included in the complex electric field 
envelopes introduced in Section 4, no attempt has been made here to give a 
quantitative assessment of their impact. In the approach taken here, the atmo- 
sphere can be viewed as simply another optical element through which the coher- 
ent backpropagated effective LO must pass to reach the signal source or vice 
versa. In the thermal source detection and backscatter lidar problem, the atmo- 
sphere presumably modifies the backpropagated effective LO intensity distribu- 
tion thereby influencing the overlap integral in Equation (6.4). A number of 
papers in this area have appeared since the early work of Fried (ref. 5) 
including a rather extensive recent report by Capron et al . (ref. 20) appli- 
cable to coherent optical radar. 
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Figure 1.- Block diagram of a representative heterodyne receiver. 



Figure 2.- Huygen's wavelet model for propagation of the mutual 
intensity function between the antenna and mixer plane. 



Figure 3 .- Huygen's wavelet model for propagation of the mutual 
intensity from an extended incoherent source. 
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Figure 6.- Functional diagram of a heterodyne incoherent backscatter 

lidar system. 



Figure 7.- Maximum receiver efficiency factors in dB for detection of 
a distant point source by a heterodyne receiver consisting of a 
general centrally obscured telescope (primary radius a, secondary 
radius b) as a function of linear obscuration ratio Y = b/a and 
several optimized LO distributions (uniform, gaussian, and matched 
Airy) . 
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MIXING EFFICIENCY IN HETERODYNE SYSTEMS 


David Fink 

Hughes Aircraft Company, Culver City, CA 90230 


ABSTRACT 


How the spatial distributions of the signal and local oscillator fields 
affect the heterodyne signal-to-noise ratio is examined for both a single 
detector and an array of detectors. For an array, the distribution of gain 
among the i.f. amplifiers is included. The emphasis is on understanding why 
the distributions are important and what is the key to maximizing the signal- 
to-noise ratio in any system. It is shown that for a single detector, the 
highest signal-to-noise ratio is obtained with an LO distribution the same as 
that of the signal. For an array, the product of the i.f. gain times the LO 
field at each detector shall have the same distribution as that of the signal 
field. 


INTRODUCTION 


The purpose of this paper is to explain how the spatial distributions of 
the signal and local oscillator (LO) fields affect the signal-to-noise ratio 
in heterodyne detection. The detailed derivations of the signal-to-noise 
formulae are available in References 1 and 2, but to understand the effects 
here, we only need the dependencies of the signal and noise photocurrents on 
the signal and LO field strengths over a small detector element. The time- 
dependent photocurrent is proportional to the power on the detector averaged 
over times long compared to the optical frequencies, but short compared to the 
difference frequency: 

i « |e^ + E^|\ (1) 

where E^ and E^ are the signal and LO field strengths and A is the area of the 
detector. Eq.^(l) can be expanded to 

i cc \eJ^A + Ie^I^A + |e^| |E^|cos(u).^^^t + (f))A (2) 

where ^ is the angular frequency difference between the signal and LO fields 
and (f) is 'the phase difference between the signal and LO other than that due to 
the exp(itot) terms. The second term of Eq. (2) is the LO power and is the 
largest term; it represents the DC current. The shot noise is proportional to 
the square root of the number of electrons per second in the current and so is 
proportional to the square root of this second term: 

in “ |e^1 /a" (3) 
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The third term of Eq. (2) is the intermediate frequency signal current, 


i “ 
s 



( 4 ) 


With these dependencies of the signal and noise currents established, we can 
examine how the distributions of the signal and LO fields affect the overall 
signal-to-noise ratio. 


THE SIGNAL-TO-NOISE RATIO 


Consider the heterodyne detection situation represented by the signal and 
local oscillator electric field distributions of Fig. 1. As the radius of the 
detector is increased from 0 to A, the intermediate frequency (i.f.) signal 
increases. However, as the detector is increased in radius from A to B, the 
phase reversal of the signal causes a phase reversal in the additional i.f. 
signal, and the net i.f. signal decreases. Clearly, the detector should not 
have a radius larger than A, but should the radius even be as large as A? That 
part of the detector between radius A and, say, radius C collects very little 
signal, but it collects just as much shot noise from the local oscillator as an 
equal detector area nearer the center that collects a lot of signal. At some 
value of C, the additional signal captured by increasing the detector radius 
from C to A might not be worth the additional noise. 

If there is such a point of diminishing returns, can we work around it 
and usefully capture the signal available between radii C and A? One clue is 
that we can work around the phase reversal of the signal at A by also reversing 
the phase of the LO. Then the additional i.f. signal captured between A and B 
will be in phase with that from 0 to A. This suggests that reducing the 
strength of the LO field in the C to A region might compensate for the reduction 
in signal field strength. Reducing the strength of the LO reduces the shot 
noise, but the LO field strength also multiplies the signal field strength to 
yield the i.f. current, so reducing it will reduce the signal by the same amount. 
This is just the physical reason behind the familiar result that as long as the 
LO is large enough that its shot noise dominates all other noises, changing the 
strength of the LO does not affect the signal-to-noise ratio. However, changing 
the strength of the LO can be used in another sense: it can be used as a 

weighting factor on the information in this poorer signal-to-noise region so 
that this information is added to that obtained from the better signal-to-noise 
ratio region, but not counted as heavily. 

This can be made quantitative by analyzing the detector network illustra- 
ted in Fig. 2 where Gj is the gain, Sj is the signal current, and nj is the 
shot noise current of the jth photomixer. Here, the individual photomixers can 
represent either portions of single detector or separate detectors of an array. 

If they represent portions of a single detector, the indicated amplifiers 
correspond to the LO field strength at each portion, for both the i.f. signal 
current and the shot noise current are proportional to the LO field strength. 

If the photomixers in Fig. 2 represent individual detectors, the amplifiers 
represent the product of the LO field strength times the actual amplification. 

(In either case, the amplifiers can also include a factor for any variation in 
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quantum efficiency.) Note that if the effect of the LO is assigned to the 
amplifier in the analysis, Sj is not really the signal current, but the signal 
current divided by the LO field strength, and nj is the noise current divided 
by the LO field strength. These may be written as 

s. « jEglA ; n^ = /r (5) 

To have unique signal and LO field strengths, they must be uniform over the 
photomixer element. That, of course, is no problem for differential elements 
of a single detector, but it restricts the array analysis to small detectors. 
In the following, we will assume that either the phase of the LO and/or the 
phase of the amplifiers are set so that the signal currents add in phase. 


The net power signal-to-nolse ratio is given by 


S/N 


ac.s.r 

1 j 

2 2 
EG. n. 

1 1 


( 6 ) 


Now the maximum slgnal-to-noise ratio may be found by adjusting the Gj . 
Differentiating S/N of Eq. 6 with respect to Gj and setting the derivative to 
zero yields 


Gj 


2 2 

s. eg. n. 

.1 d J 


n.^ EG.s . 
3 11 


(7) 


The ratio of the two sums in Eq. 7 is a constant for all the photomixers once 
the Gj are set, so the optimum distribution of the Gj is given by the distribu- 
tion of the Sj/nj2. If these optimum settings for the Gj are put into the 
formula for the overall signal-to-noise ratio of Eq. 6, it becomes 

S/N = E(s^^/nj^) = E(S/N)^ (8) 

That is, every additional piece of information (signal) increases the total 
signal-to-noise ratio no matter how poor the S/N of the additional information, 
if the additional information is weighted according to Eq. 7. 


THE OPTIMUM LO FIELD DISTRIBUTION 


It was noted above that sj is proportional to the product of the signal 
field strength times the area and nj in this analysis is not really the noise 
current, but the noise current divided by the LO field strength, nj is there- 
fore proportional to only the square root of the area, and the optimum weighting, 
Sj/nj2, is proportional to only the signal field strength at each location. For 
a single detector, the weighting mechanism is simply the LO field strength, so 
we have the result that the maximum signal-to-noise ratio is obtained by setting 
the LO field distribution equal to the signal field distribution. For an array 
of small detectors, the product of the LO field strength at each element multi- 
plied by the gain of that element's amplifier should have the same distribution 
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as the signal field. 


THE GENERAL SOLUTION 


References 1 and 2 draw these same two conclusions for the optimum use of 
a single detector and an array by first deriving the slgnal-to-nolse ratio 
equations for general signal and local oscillator field and amplifier distribu- 
tions. For a single detector, the signal- to-noise ratio is given by 

UPq UaIUcI |Ut |exp(i(})) dA|^ 

^ ^ 

/ lUgj^dA f^\\\ dA 

where ri is the quantum efficiency, Pg the total signal power available for 
detection, h Planck's constant, V the optical frequency, B the l.f. bandwidth, 
Ug and Ul the complex field distribution functions for the signal and local 
oscillator (not including the exp(iajt) dependence), (p the phase difference 
between Ug and U^, indicates an integration over the area of the detector, 
and / Indicates an Integral over the whole detector plane to include all 
available signal power. The coefficient of nPg/hvB is called the heterodyne 
efficiency, Y* 

The equation for an array simply replaces [u | with |u |u. and (}) with 
<p~''Pj , where and ipj are the gain distribution ana phase shifts of the i.f. 
amplifiers. The integrals over A are then over the sensitive area of the 
array. For both a single detector and an array, the maximum heterodyne 
efficiency obtainable is equal to the fraction of the signal power falling on 
the sensitive area of the detector. 


SPECIAL CASES 


Reference 1 calculates the heterodyne efficiency for two special cases 
with the following results: 

Case I Signal and LO are matched Airy functions over a circular detector. 
The heterodyne efficiency is just equal to the fraction of the signal power 
falling on the detector: 


Y = 1 - Jq^Cx) - (10) 

where Jq and are Bessel functions, x = Trr/FA, where r is the radius of the 
detector, F the f /number of the collection optics, and X the wavelength of the 
light. This heterodyne efficiency is plotted in Fig. 3. It is a monotonically 
increasing function of the detector size and is equal to 0.84 for a detector the 
same size as the Airy disk. 
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Case II Signal is an Airy function, LO is uniform over a circular detector. 
The heterodyne efficiency is given by 

Y = A j^l - J^^(x)/x^j (11) 

where the symbols are as defined for Case I. This heterodyne efficiency is also 
plotted in Fig. 3. Its peak is 0.72 at a radius of 72% of the radius of the 
Airy disk. If the detector is increased in size to match the Airy disk, the 
efficiency drops to 0.54. 
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ure 3.- Heterodyne efficiency for Airy function signal distribution on c 
lar detector. Both curves are for circular detector of radius r = fAx/ 
and Airy function signal field distribution. Upper curve is for matched 
local oscillator field distribution on detector, which gives maximum pos 
signal-to-noise ratio. Lower curve is for usual case of uniform local 
oscillator field distribution on detector. Angular radius detedtor is 
indicated on upper axis for peak of lower curve (x = 2.75) and first thr 
Airy dark rings (x = 3.83, 7.02, and 10.2) . 




SPATIAL FREQUENCY RESPONSE OF AN 


OPTICAL HETERODYNE RECEIVER 

Carl L. Fales and Don M- Robinson 
Langley Research Center 


SUMMARY 

The principles of transfer function analysis have been applied to a 
passive optical heterodyne receiver to obtain the modulation transfer function 
(MTF) . MTF calculations have been performed based of an optical platform 
which is imaging vertically varying profiles at worst case shuttle orbit 
altitudes. An analysis of the derogatory effects of sampling (aliasing) and 
central obscurations on both resolution and heterodyne efficiency is given. 


INTRODUCTION 

One measure of performance of an optical imaging system is its ability to 
reproduce an object distribution with sufficient signal-to-noise ratio and 
resolution so as to make the information contained within the image useful. 
Generally, such a system may be characterized by its optical transfer function 
(OTF) or, in certain cases, by the modulation transfer function (MTF) (ref. 1) . 

For conventional imaging systems using either coherent or incoherent 
illumination, one usually assumes linearity in the Imaging process so that the 
cascading property of transfer function analysis applies (ref. 2) . Under this 
assumption, the MTF ' s of the individual subsystems (i.e., optics, detector, 
electronics, etc.) can be multiplied to give the overall transfer function. 

In this paper, the principles of transfer function analysis have been 
applied to a passive optical heterodyne receiver which is assumed to be 
imaging vertically varying spatial profiles at worst-case shuttle orbit 
altitudes. Results of the analysis show some interesting departures from the 
properties described above; namely, that the cascading property must be 
carefully applied and that optical receivers having obscurations, such as a 
Cassegrains, are not optimum for heterodyne- type detection. 


THEORETICAL ANALYSIS 
Imaging Considerations 

Consider an optical receiver which is imaging an object amplitude 
distribution as shown in figure 1. Using scalar diffraction theory, the signal 
amplitude, E^, in the detector plane, is given by (ref. 3) 
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+00 


E (r) = E„(r) ® h ( r ) 
s y 


d s Eg(£^)h(r^ 


( 1 ) 


where h(r^) is the impulse response of the imaging optics and Eg(t^) is the 
amplitude of the geometrical image of the object. The shift invariance of 
h(r^) can be justified for the heterodyne applications discussed here by a 
careful examination of the various phase factors appearing in the impulse 
response function. 


For mixing of two 
mean-square heterodyne 
is (ref. 4) 


dete 2 nninistic optical beams in an ideal detector, the 
current power at the difference frequency, f = v - v 

o 


het 


2n^e^ 

(hv)^ 


r 


J 

det 


d^r E*(r) E (r) 
o — s — 


(2) 


where E (^) is the local oscillator amplitude distribution in the detector 
plane, n is the quantum efficiency, e is the electronic charge, and hv is 
the photon energy. A simple-minded classical approach is taken to obtain the 
correct expression from which the spatial frequency analysis may begin. We 
recognize that the geometrical image field, E (s,v), is a stochastic process 
which we synthesize by discrete frequency components with random phases. Now 
for a deterministic L.O. field and a quasi-monochromatic optical signal, 
equation (1) and the generalization of equation (2) combine to give 


het 


(hv)^ 


+00 


r r 2 2 

r 2 

\ \ d sd s'<E (s,f+v )E*(s ,f+v )> 

1 dr E*(r)h(r-s) 

g — o g - ' o 

j o 

—00 

^det 


d r'E (r')h*(r’-s’) 
o — 


det 


(3) 


where < > represents an average over the ensemble of signal fields. It is 
assiomed that the source, i.e., the sun, of the image field on the detector is 
spatially incoherent. The appropriate substitutions are 


<E (^, v)E*(^', v) > -»■ Af A P (^, v) 6 (£ - ^' ) 
^ 'J ^ 


I^ , (f)Af 
het het 


where P represents the image spectral radiance at the detector plane in 

2^2 2 
W/m /str/Hz and ^het^^^ current spectral power density in A /Hz. 
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Equation (3) becomes 


Vt^") = 


2n^e^A^ 

(hv)^ 


+c» 


d s[P (s/ V + f) 
g — o 


+ P (s, V - f)]|T*(s) a h(-s) 
g — o ' o — — 


where f ^ 0 eind we note that the L.O. mixes with the signal field components 
at V + f and v - f. Here, we have expressed the detector overlap inte- 
gral of the L.O. field and the impulse response function as 


+00 

1 Tj . (r)E*(r)h(r - s)d^r = T*(s) h(-s) 

\ det — o— — — o — — 

—00 


where ^ aperture function of the detector geometry and the 

product ? (r)E*(r) = T*(r) is simply that portion of the L.O. that is 

det — o — o — 

transmitted by the detector aperture. 

Referring to the detector scheme of figure 2, the output current from 
the synchronous detector is 


sync 


2Te^n^A^ 

(hv)^ 


4*00 


d^s 


I Pg(s,v^-f)]lT*(s) 


(f>0) 


h(-s) 


where H, is the total heterodyne transfer function defined by 
het • 




m‘ ' d' ' ifa 


and T is the optical transmission factor. The various contributions to 

H, are (1) the signal/L.O. mixing transfer function, H , representing 
het iti 

carrier diffusion and transit time effects in the detector; (2) the photo- 
detector transfer function, H^, comprised of contributions due to 
capacitance, resistance and inductance; and (3) the I.F. amplifier and filter 

transfer function, H. ^ . The square-law detector is assumed to have a unity 

ifa 

transfer function (H = 1) . The shot noise transfer function, H. , is due 

sq ' tr' 

only to transit time effects as opposed to H^. 


[ 


497 



Heterodyne Transfer Function 


In this paper, we are interested in the spatial frequency response of the 
heterodyne receiver to a vertically varying object profile as shown in 
figure 1. This is different from the I.F. considerations discussed previously 
other than a knowledge of the total I.F. power. To obtain the spatial 
frequency response and, ultimately, the system modulation transfer function 
(MTF) , we assume the object scene radiance (and, consequently, the image 
scene) is linearly translated due to motion of the optical receiver, e.g. , an 
orbiting platform. This induces a translation of the image coordinates by 
an amount 


^ s - r^(t) 

and 

^g^— " — ' ^o — 

Further, we define 

Pg(-r) E J df|Hj^^^(f)|2[Pg(r, + f) + Pg(r, - f ) ] 

(f>0) 

Since the impulse response, h, is invariant, we have the output current from 
the synchronous detector as 

4-oq 

2 2 2 r 

I (t) = I [r(t) ] = d^s P (r - s) |t*(s) a h(-s) (4) 

sync sync - 2 J g - - ' o - 


Equation (4) is of the form of a convolution 


I 

sync 


[r(t) ] 


2,2 

2Te n A 


(hv) 


P (r) a 

g - 


T*(r) 
o — 


h(-r) 


Decomposition of I into its spatial frequency components is 

sync 

obtained by the Fourier transformation 


I (K) 
sync — 


-i2irK*r 
e I 


sync 


(r)d^r 


Using the convolution theorem, we have 
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G (K) [G*(-K)H(-K) a G (K)H*(K)] 
g — o — — o— — 


(5) 


I (K) = 
sync — 


2Te^n^X^ 

(hv)^ 


where K is the spatial frequency vector variable defined by its rectangular 

components {K ,K ) , G (K) is the object, or more specifically, the geometrical 
X y g 

image spectrum, G^(K) is the detector pupil function modulated L.O. spectrum, 
and H (K) is the coherent transfer function of the system (ref. 3). 

Equation (5) illustrates the departure of the transfer function obtained 
in a heterodyne system with that obtained in conventional imaging systems. 
Remembering that the coherent transfer function, H (K) , is equal to the pupil 
function of the optical receiver (with a suitable change in variables) (ref. 

3) , the conventional optical transfer function is proportional to 


Gdet(K) [h(-K) a H*(K) ] 


where G, (K) is the Fourier transform of the detector aperture function, 
det — 

'^det^— ^ . In equation (5), however, we see that H (^) is modified by the 
spectrxim of the L.O. /detector combination, G^(K) . The normalized convolution 

of the product G^(K)H*(K) with its negative argument complex conjugate is 

defined as the heterodyne transfer fianction, G^. Functionally, then, we define 
a normalized heterodyne transfer function by 


G„(K) 


G*(-K)H(-K) a G (K)H*(K) 

O — O — — 

[G*(-K)H(-K) a G (K)H*(K)]^_^ 
O — — O — — K= 0 


or 


=H® 


d^K'G (K')H*(K’)G*(K'-K)H(K'-K) 

O— — 0- — — 


d^K' |g^(K') |^|h(K') 1^ 


( 6 ) 


Heterodyne Efficiency Factor 

The denominator of equation (6) indicates that the product G^(K)H(K) 

represents the optics /L.O. detector amplitude spectrum that is transferred to 
the detector. Using Parseval's theorem, the integral 

|^d^K| (K) 1 ^ I H(K) I ^ is thus the power available for heterodyning out of a 

total L.O. -detector power of = Jd^K| g^(K) | ^ . For a uniform extended 
source, we may thus define an efficiency factor 
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X 


< 1 


(7) 


d^KjG^(K) 1 ^|h(K) 1^ 




d^Kjc (K) 1^ 
o — 


With this definition, the current spectrum for the synchronous detector 
(equation (5) ) becomes 


sync 


2Te^nh^ 

(K) = ^ ^ P xG„(K)G^(K) 

(hv)2 o ^ - g - 


( 8 ) 


Equation (8) may be related to a more conventional form of heterodyne 
efficiency foiand in the literature (ref. 5) . The synchronous detector current 
is the inverse Fourier transform of equation (8) , i.e., 
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(r) 
sync — 


+O0 



K I 


(K) 
sync — 


—CO 


i2irK* r 
e 


For a stationary scene, i.e., before translation of the image coordinates, we 
have r = 0 so that 


I 

sync 


( 0 ) 


+00 


I (K) 
sync — 


d\ 


(9) 


Substitution of equation (8) into equation (9) and assuming a blackbody source 
of geometrical shape factor, Ag(r^) , and radiance » we have 


=HIF 

p = 

g- ,2, hv/KT 
A (0 


- 1) 




and 


sync^- ° ^,„_hv/KT ^ 


+CO 


h v(e 


- 1 ) 


d K A (K)G^(K) 
g — H — 


( 10 ) 


where mixing occurs over an effective bandwidth 2B centered at the L.O. 

HIF 

frequency, a polarization loss factor of 0.5 is included, and A (K) is the 
Fourier transform of A (r^) . The integral portion of equation (?0) has the 
form of a throughput, i.e., that portion of the image passed by the heterodyne 
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transfer function. The product of x this integral is an efficiency 


+00 


^het 


d K Ag(K)G^(K) 


so that equation (10) becomes 

sync ^ hv/KT . 

hv (e ' - 1) 

If now, we define a shot noise level due to the L.O. by 

N = 7^^ P B 

(hv) o SIF 

then the signal-to-noise ratio in the shot noise limit becomes 


„ I (r = 0) 

S_ _ sync 

N N 
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^ HIF 

, hv/KT "het ' 
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where we have defined 


(11) 
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het 


n X 


< 

het — 


n 


as the heterodyne quantum efficiency and effective shot noise 

bandwidth. Note that for a uniform extended source, (K) = 6 (K) and 

equation (11) reduces to = X ^^d = hX- this case, the 

efficiency factor, x» which we have defined in equation (7) is equivalent 

(to within the D.C. quantum efficiency, n) to the heterodyne quantum 

efficiency, n, found in the literature (ref. 5). 
het 


System Transfer Function 

Results from the previous section may now be used to calculate the 
system transfer function, including the low-pass filter (see figure 2) , for 
the specific case of imaging a one -dimensional object through an optical 
receiver which has rectangular symmetry. This case has some physical 
significance since the resolution elements of interest in an orbiting 
heterodyne receiver are vertically varying stratospheric layers. In addition, 
to avoid scaling difficulties in the calculations we will use angular 
coordinates defined by (see figure 1) 
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e 


(radians) 



K„ = K d. ; K = K d. (cycles/radian) (12) 

u X 1 9 Y 1 

and 

SL 

6„ = (radians) 

F d. 

1 

where is the geometrical instantaneous field of view (I.F.O.V.) of the 

optical receiver. 

Using equations (12) and the one-dimensional geometry, equation (6) 
becomes 




Kq k 

[sinc(epKQ)RECT(— ) ] & [ sine ( B^K^) RECT (— ) ] 

{Isinc(0pKQ)RECT(— ) ] S> [ sine ( O^Kg) RECT (^) ] }^ 

c c 0 


(13) 


where 


- sin irX , , 

sinc(X) = — and RECT(— ) 

ttX 2x. 



Equation (13) assumes a plane wave local oscillator incident of the 
detector so that the detector/L.O. transfer function becomes simply the 
Fourier transform of the detector aperture. Further, the coherent transfer 
function for the optics is the pupil function (rectangular in shape) having 
a coherent cut-off frequency of = D^/2A, where is the diameter of the 

receiver aperture and A the wavelength. This convolution process is shown 
in figure 3. 


Equation (13) along with equation (8) gives the system transfer function 
up to the low-pass filter. Expressing G (K ;K , 0„) and x(K ,0_) 

H U C r C r 

(equation (7)) in integral form, we have 
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(14) 


and 
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r +00 


X(K3,6p) 


= 0 ‘ 


9 

sine ( 6pKg) RECT (— ) dK^ 


(15) 


Finally, inclusion of the low-pass filter transfer function, H , (i.e., 

IjP 

the integration time, t) which, in this case is modeled as a running mean 
integrator, we have 


where v is the vertical component of the orbital velocity, z the receiver- 
object distance, and t the integration time. The total transfer function is 
then the modulation transfer function 


MTF(Kq) = lGjj(Kg)H^(Kg) 


Equations (14) and (15) can be evaluated in terms of tabulated functions 
yielding the following relations which will be used for computational purposes 
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In the above equations, the functions C, (X) and s. (X) are defined as 
(ref. 6) ^ 
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RESULTS AND DISCUSSION 
MTF Calculations 

Equations (16) and (17) may now be evaluated for some specific parameter 
values which are applicable to the optical receiver in a space-lab type of 
scenario. A worst-case set of orbital values would be for the receiver platform 
to be at an orbital height of R = 400 Km and a tangent height, H^i, of 10 Km. 

At these values, we assimie that the receiver is operating in a solar occulta- 
tion mode where the simrise or siinset velocity due to orbital motion is 
V = 2 Km/sec. The MTF and x calculations (equations (16) and (17) ) will be 
done for an I.F.O.V. of 6„ = 0.5 x 10 “^ ^ad , an equivalent optical receiver 

r 

aperture of D = 2.0", and values of integration time of t = 0.2 sec , and 

n 

0.4 sec. Further, the value of D^ = 2.0" at a wavelength of X = 11.152 pm 

(HNO^ line) corresponds to an optics cut-off frequency of K^ = D^/21 = 2278 

cycles/radian. These parameters are compatible with the values for an LHS type 
experiment using a tunable diode laser as the L.O. and associated optics for 
coupling this type radiation to a detector having the required time-frequency 
response (ref. 7) . 

The calculations are shown in figure 4. It can be shown that, for values 
of X greater than roughly 0.2 sec., the optical (heterodyne) transfer function 
dominates the MTF; and, for x somewhat less than 0.4 sec., the low pass 
filter is the dominant frequency limiting factor. Note that the angular 
frequency values can be converted to linear spatial frequency (cycles/Km) by the 
relationships of equation (12) by appropriately scaling image and object space 
by the ratio of image distance, dj^, to object distance, z. For the orbital 
values assumed, z = 2262 Km and consequently a value of 2262 cycles/rad 
corresponds to an object spatial frequency of 1 cycle/Km. Examination of the 
MTF curves shows that resolutions of the order of 1. 5-2.0 Km may be expected 
for the various integration times. 


Efficiency Calculations 

The efficiency factor (heterodyne efficiency) given by equation (17) is 

shown plotted in figure 5 for the case of the plane-wave L.O. . Two geometries 

are shown: rectangular optics (as has been previously assumed) and circular 

optics adjusted for equal optics and detector areas. The significance of the 

abscissa (2tt0 K ) relative to heterodyne efficiency becomes apparent when it 
r c 

is noted that at the value of 2iT9pK^ = 7.7 corresponds approximately to an 

image (sun) size filling the detector of one Airy Disk of the receiver 
aperture. In this region, the efficiency is in excess of 80%. 
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Sampling Error 

The calculations shown plotted in figure 5 do not include any saitpling 
errors which may occur. Suppose we sample the output of the low-pass filter, 
which has been modeled as a running mean integrator, at a rate of the inverse 
of the integration time. This is equivalent to a sampled mean integration 
scheme. Under this constraint, it may be shown that for certain values of t 
the signal is xindersampled. This results in an aliasing or foldover error 
which can be significant relative to the desired signal. For example, shown in 
figure 6 is the total MTF for the values of orbital and system parameters 
previously stated. Two integration times are considered: x = 0.2 sec and 

T = 0.4 sec. If we define the sampling error as the ratio of the "foldover” 
amplitude on the MTF plot to the amplitude of the MTF itself, i.e., a white 
signal spectrvun, we see that the error for 0.4 sec. is approximately 40% at 
0.5 cycle/Km frequency and considerably worse for higher values of spatial 
frequency. Conversely, for x = 0.2 sec and the correspondingly higher 
sampling rate, the sampling error is negligible. 


Heterodyne Receivers With Obscurations 


Telescopes having central obscurations such as Cassegrains are often used 
for imaging a source. If this type receiver is used as a collector for 
heterodyne-type detection, one needs to compare the efficiency, Xr 3Jid the 
heterodyne transfer function, G^, with that obtained for the unobscured case. 


In figure 7, we consider the effects of receiver apertures having obscura- 
tion ratios of 0 and 20% for 6„ = 0.2 x 10“^ and 0.5 x 10“3 rad. Note the 

F 

enhancement of response in the 2000 cycles/rad region at the expense of that 
near 1000 cycles/rad for 20% obscuration and 9„ = 0.5 x 10~3 rad. The 

r 

effects of obscurations are more pronounced for square as opposed to circular 
geometries. An unobscured conventional MTF discussed earlier is plotted for 
6 = 0.5 X 10“3 rad showing a somewhat reduced frequency response 

characteristic from the heterodyne MTF. For a smaller detector 
(6„ = 0.2 X 10"3 rad ) , a 20% obscuration tends to assxime the shape of a 

r 

conventxonal MTF. 


In figure 5, we assume a receiver aperture having obscuration ratios of 

20% and 50%. For the values of 6_ and K used earlier, X = 2 tt0 K =7.2, 

F c F c ' 

and comparison of the various efficiency curves at this value shows striking 

differences. For the 50% case, one sees that the heterodyne efficiency is 

virtually zero while for the 20% case a relative efficiency of slightly 

greater than 0.2 is achieved. This compares with a value of greater than 0.8 

in the unobscured case. Note further there is a "peaking" of the efficiency 

curves for obscured systems. The rule-of-thumb requirement of one Airy disk 

on the detector for "good" efficiency no longer holds but rather the source 

image needs to be less than this value to achieve the maximum efficiency for 

that particular system. The effect can be explained on the basis of the 

overlap integral (equation (2)) of the L.O. field and signal field 
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distributions. Thus, the ’diffracted field due to the central obscuration is 
out of phase with that of the primary diffracted field and, as the size of the 
detector and/or optics increases, the cancellation tends to be more complete. 


CONCLUDING REMARKS 

The analysis of a passive heterodyne receiver with respect to its imaging 
performance (transfer function) and its heterodyne efficiency shows some 
interesting departures from the results which are obtained in strictly coherent 
or incoherent imaging systems. For example, the cascading property of MTF 
analysis must be carefully applied since the coherent transfer function of the 
optical receiver and that due to the L.O. -detector combination are not 
separable but are related by the convolution of their products. Application 
of these results to the specific case of a space-lab type optical heterodyne 
receiver (LHS) shows that resolutions of the order of 1. 5-2.0 Km are possible 
for worst-case type orbital scenarios. 

Further, comparison of obscured-type receivers (e.g., Cassegrains) with 
unobscured receivers shows that both resolution and efficiency are severely 
degraded in an obscured-type receiver and consequently should not be used for 
a passive heterodyne detection scheme. 
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Figure 2.- System transfer functions. 
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Figure 5.- Efficiency factor, X/ versus system parameter 27T0j,K^ for various 

receiver geometries. 



Figure 6.- Aliasing error for 2.5 Hz sampling rate at worst-case shuttle 

orbit. 



Figure 7.- Comparison of transfer functions for various geometries. 

curve represents conventional MTF with 0.5 mrad I.F.O.V. 
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HIGH PRESSURE GAS LASER TECHNOLOGY FOR ATMDSPHERIC REMOTE SENSING 


A. Javan* 

Laser Development Corporation 
Lexington/ Mass. 

ABSTRACT 

High pressure gas laser technology offers the possibility for stable lasers 
at finely controlled tunable frequencies sind power levels needed for atmosiAieric 
remote sensing. Broadly tunable precision CW lasers for LHS or CW DIAL measure- 
ments, or repetitively pulsed high intensity lasers with the required character- 
istics for high-resolution DIAL observation of pressure- broadened pollutant 
line-profiles (to obtain altitude discrimination) are possible. A fixed fre- 
quency chirp-free and highly stable intense pulsed laser can be made for Doppler 
wind velocity measurements with accurate ranging. The talk will review the 
related technologies in the 1 0 ym region. The review will be in the form of 
a progress report presenting an on-going research and engineering effort. 


INTRODUCTORY REMARKS 

This talk was presented in two parts. The first part gave the details of 
the work relating to the generation of intense IR laser pulses at highly stable 
(and chirp-free) single frequency for Doppler wind velocity measurements. It 
took place at a workshop (chaired by Dr. Robert Menzies) on the evening of 
March 26. The second talk presented the work addressed to energy extraction 
fron a high pressure CO 2 laser at a tunable single-mode frequency. It took 
place on March 27 at the session on Coherent Applications (chaired by Dr. Frank 
Goodwin) . Both talks reviewed the status of a project currently in progress. 
Future publications (and final reports to NASA) will give extensive details of 
the various phases when completed. For this proceeding, the viewgraphs shown 
in the two talks are submitted as figures along with detailed descriptions out- 
lining the presentations. 


GENERATICW OF INTENSE CO 2 LASER PULSES AT A STABLE 
CHIRP -FREE SINGLE FREQUENCY 
Frequency Stabilization by Transient Injection Locking 

With transient injection locking (TIL), the laser energy from an intense 
gain-switched CO 2 pulsed plasma can be extracted at a single-mode frequency 
triggered by an injected (weak-field) radiation. With an internal low pressure 
CO 2 gain cell, the TIL laser oscillation occures on a single mode of the reso- 
nator lying near the center of a OO 2 amplifying transition. The identity of 
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the laser field inside the resonator as an oscillating sinusoidal field is 
established after two or three transits across the length of the resonator 
(after the gain onset) . Subsequent oscillation buildup in the single mode (near 
the line-center) will occur as in a free-running oscillator, without an inter- 
ference from the (weak) injected field. 

In the course of transient oscillation buildup, the oscillating laser fre- 
quency 0) is subject to time variations caused by refractive index changes of 
the medium. It is known that by far the dominant source of refractive index 
change arises from shock waves due to the intense current-pulse producing the 
high density CO2 laser plasma. Rapid deposition of energy in the medium causes 
the shock waves, which propagate at sound speed. However, the onset of violent 
refractive index changes due to this cause generally occurs at late times 
(because of propagation at sound speed) exceeding tens of ysec after the current 
pulse. Accordingly, this effect can result in sizable chirping mainly at the 
tail of a long duration (several fisec) pulse. In practice, the magnitude of 
this chirping effect can be minimized by operating at a low plasma-current 
pulse; this, however, will be at the expense of a reduction in energy-deposition 
capacity and energy-conversion efficiency. 

Another cause of frequency chirping is saturation of the amplifying transi- 
tion. This effect occurs during a laser pulse if the resonator mode on which 
laser oscillation occurs is appreciably detuned from the transition center. 

This chirping effect is largest in the buildup portion (the leading edge) of 
the pulse. At line-center, however, there will be no contribution to chirping 
due to this source. 

From the above it appears that the chirping will be at a minimum on line- 
center and for a moderate laser excitation (sacrificing energy-conversion effi- 
ciency) , particularly for pulse durations below several ysec. However, the 
studies reported here have revealed additional causes leading to small time 
dependent refractive index changes during the pulse and, hence, frequency chirp- 
ing. The dominant process arises from a time dependent change in molecular 
composition of the medium taking place during each laser pulse. The intense 
current pulse produces sizable molecular decomposition. The resultant unstable 
constituents of the gas subsequently evolve (after each current pulse) toward 
the equilibrium gas mixture. In addition, the effect of redistribution of 
populations in the low-lying excited molecular states also contributes to a 
time-varying refractive index change during the laser pulse. Although the 
refractive index variations due to these causes are small, the resultant fre- 
quency chirping can be sizable. 

Under the best conditions, the chirping rate on line-center (for a several 
hundred milli joule laser) can be reduced to a fraction of one MHz/psec for 
pulses below one ysec duration. On the tail of the pulse, extensive heterodyne 
observations show that the chirp rate will build up to values larger than sev- 
eral MHz/visec at times beyond five or ten ysec after the onset of the leading 
edge of the laser pulse. At this stage of the art, it appears difficult to 
reduce the frequency chirping below this observed limiting value reported here. 

It is also to be noted that refractive index variations leading to frequency 
chirping will be larger in a higher energy laser. 
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Doppler wind velocity measurements (and other accurate Doppler Lidar appli- 
cations) require a laser pulse of several ysec duration at a chirp rate below 
100 kHz/ysec. A proposed method is described below, offering the possibility 
of ranoving the residual frequency chirping from the laser output pulse. 

Figure 1 shows the experimental arrangement employed in heterodyne obser- 
vations of TIL frequency characteristics. Two methods are employed. The first 
relates to the studies of single-mode TIL operation near line-center obtained 
with an internal low pressure OO2 gain cell. In this case, the single-frequency 
laser output is heterodyned against an external CO2 laser local oscillator to 
observe the frequency characteristics. For a variety of reasons, it is advan- 
tageous to achieve single-mode TIL energy extraction employing an external 
CW OO2 laser master oscillator for TIL driver, as shown in figure 1 . (In this 
case, the internal CW CO2 gain cell is switched off). The advantages include 
the possibility of employing the CW TIL driver laser also as the local oscilla- 
tor in heterodyne detection of the Lidar return signal. 

If the external TIL driver laser is detuned from the peak of the resonator 
mode of the pulsed power oscillator, the TIL laser osciallation occurs at a fre- 
quency shifted to the peak of the resonator mode. In the extensive studies of 
frequency chirping and the related effects, the injected frquency, is 

detuned by a known amount from the peak of the power oscillator resonator mode. 
The TIL laser output is heterodyned against the same CO2 laser anployed as the 
TIL driver laser (see fig. 1 ). 

Detuning of the external TIL driver laser from the center frequency, Uq, 
of the power oscillator resonator mode is obtained as follows: With the intense 

pulsed plasma switched off, the internal CW CO2 gain cell is employed to obtain 
CW laser oscillation at the center frequency Wq, of the power oscillator 
resonator mode. (With PZT tuning, the mode is centered on the internal low- 
pressure OO2 gain profile.) With heterodyne observation, the TIL driver laser 
is detuned from Wq by a preselected known amount. Rugged and stable resonator 
configurations are used to avoid appreciable long term drifts (as verified by 
frequent heterodyne observations in the course of an experiment). Once the 
known detuning is achieved, the internal CO2 gain cell is switched off. The 
TIL energy extraction and heterodyne observations are then performed at the 
known detuned injected frequency. 

It is necessary to decouple radiatively the power oscillator laser totally 
from LO (and external TIL driver). A ring resonator with appropriate suppressor- 
mirror (to avoid backward oscillation) and appropriate padding with attenuators 
are employed. 

In accurate observation of frequency chirping, it is important to employ 
adequate optical isolation and electrical shielding of the high intensity plasma- 
current pulses (and the LO laser power supply); otherwise, the local oscillator 
will suffer (due to optical feedback or spurious electrical pickup currents) 

^rnall frequency variations, rendering the measurements invalid. To verify the 
absence of such a spurious LO chirping, another LO is used to probe the fre- 
quency of the first LO during the short observation time (while the energy 
extraction from TIL power oscillator occurs). One arrangement to achieve this 
is shown in figure 1 . 
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It is essential to study frequency chirping effect (due to refractive 
index variation) at late times (about 5-to-10 pisec) . After the onset of TIL 
laser pulse the tail of the gain-switched pulse generally provides a weak, 
slowly decaying, laser output at such late times. Although the intensity on 
the tail is considerably below the main laser pulse, it can be readily detected 
with heterodyne detection and employed in the studies of frequency chirping. 
Figure 2 shows typical oscilloscope traces of a photopre ionized single-mode TIL 
laser output (at several hundred millijoule energy per pulse) heterodyned with 
a CW LO; the heterodyne beatnote (in the MHz range) appears superimposed on the 
pulse profile. The main pulse is below one psec and has a long tail. The 
upper figure is displayed to show the general features of the observation. In 
the lower trace, the oscilloscope is triggered at about five ysec after the main 
pulse. It shows an initial zero beat and a subsequent increase in beatnote. 

At about 10-to-n psec after the pulse, the chirp rate has increased to a value 
of about 3 MHz/psec. This displays the limiting chirp rate obtainable in a 
typical several hundred millijoule photopreionized TIL CO 2 laser. As noted, 
lasers at higher pulse energies will suffer larger chirp rates. At early times 
after the onset of the laser pulse, however, the chirp rate can be considerably 
below the value stated here. This can be obtained by carefully centering the 
power oscillator resonator mode near the line*center and at a somewhat reduced 
energy deposition efficiency and uniform excitation across the cross section 
of a (seed gas) photopreionized CO 2 laser. For a one psec pulse, the chirp rate 
can be as low as a fraction of one MHz/psec. 


Removal of Residual Frequency Chirping From Output Laser Pulse; 

A Proposed Method 

The proposed chirp removal method employs electro-optic modulation of the 
laser output at an rf frequency. The modulating rf voltage is obtained from 
a laser beatnote produced by mixing a small fraction of the intense laser pulse 
with the output of a stable CW laser. In one embodiment, the stable CW laser 
frequency (or the frequency of the high-energy pulsed laser) is tuned so that 
the beatnote appears at a convenient rf range. (This heterodyning is accomplished 
at large input radiation signals incident on the mixer element, hence the beat 
voltage across the mixer appears at a sizable signal level) . The resultant beat- 
note, after amplification in a broadband rf amplifier (when necessary), is 
applied to an electro-optical modulator to produce frequency modulation of the 
output laser pulse. Inspection will show that one of the rf sidebands will be 
free from laser chirp. The block diagrams in figures 3 and 4 give a summary 
description. A variable optical delay is provided to make up for small delays 
in the rf amplifier circuit. It can be shown that if this delay is not totally 
corrected, the chirping effect, although reduced by orders of magnitude, will 
not be totally eliminated; the remaining chirp will be (dco/dt)T, where (dco/dt) 
is the chirp rate at the output of the pulsed laser and x is the delay time. 

(In practice, x can be reduced to values below several nsec.) 

In an ultimate design it is possible to employ single sideband e.o. modu- 
lation, converting more than 50 percent of a (e.g., ten joule) laser output pulse 
to a nearly chirp-free sideband. Depending on the laser intensity, it will also 
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be possible to use the e.o. modulator in the form of a thin (possibly waveguide 
type) sample to achieve high conversion efficiency at reduced modulator rf 
voltages . 

Other applications require a pulsed chirp-free master-oscillator unit at a 
reasonably large output power level; the master-oscillator unit can then be used 
in a MOPA configuration to extract a chirp-free amplified output from a high 
energy power amplifier. If the master oscillator provides a reasonably large 
output power/ the requirements for multipass power amplification will be enorm- 
ously relaxed. (In the existing MOPA systems, multipass amplification with 
intricate isolation stages are needed because of low-level power outputs of the 
existing stable master oscillators. This is the main reason for complexities 
of the existing high energy MOPA systems.) A longitudinally excited low pres- 
sure Q-switched CO2 laser, for example, can be used in the chirp-removal system 
suggested here. Such a Q-switched CO2 laser, after chirp removal, can be used 
as a master oscillator at a relatively high peak intensity in a MOPA system. 

This proposed method, yet to be developed, was presented in the conference 
workshop because of its potential application in generation of chirp-free radi- 
ation for accurate Doppler Lidar. 


ENERGY EXTRACTION FROM GAIN-SWITCHED HIGH PRESSURE CO2 LASER AT A 
STABLE TUNABLE MONOCHROMATIC FREQUENCY 

Energy extraction by Transient Injection Locking (TIL) at a tunable fre- 
quency requires the utilization of an external tunable master oscillator, driving 
an intense pulsed power oscillator at the tunable frequency. In this sytem a 
weak radiation field (from the tunable master oscillator) is introduced in the 
resonator of the pulsed power oscillator at the frequency of a selected resonator 
mode. As the power oscillator gain is rapidly switched on, under appropriate 
conditions, laser oscillation buildup occurs at the single-mode selected by the 
frequency of the weak injected field. This is a transient process and appre- 
ciably differs from the previously known steady state injection locking. The 
transient injection locking under consideration in this talk is an extension 
of the well known art of superregenerative amplification in the microwave 
region, where enormously large gains are obtained with a (repetitively pulsed) 
gain-switched microwave (or rf) oscillator, driven by a weak (input) signal. 

An important feature of the TIL process relates to its transient nature: 
the oscillation "buildup" at the selected single mode will "hold on" only for 
a limited time duration. The oscillator will switch after a short time inter- 
val (determined by the injected field) into its free-running oscillation mode. 

If the weak-field injected radiation is introduced at the frequency of one 
of the resonator modes lying near the peak of a high-gain line - consider, e.g., 
a power oscillator with a grating resonator tuned to the high-gain line - the 
time duration of switchover (to the steady-state oscillating mode) is generally 
long. However, if the selected mode is appreciably detuned from the peak of 
the high-gain line, unless the injected field has sufficient intensity, the 
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switchover from the selected mode to the free-running oscillating mode (or 
modes) will occur in the early times during transient oscillation buildup. 


For a power oscillator with a resonator employing broadband reflectors 
(without a grating ) , injection of a weak field at the frequency of a low-gain 
transition of the CO2 amplifying band will cause initial oscillation buildup to 
occur on the selected mode of the low-gain line. The free-running oscillation 
(without the injected field), however, occurs on several modes of the high- 
gain line of the amplifying band. Accordingly, the switchover from the TIL on 
the low-gain line will generally occur to multimode oscillation on the line with 
the highest gain. 

Energy extraction at the frequency of a resonator mode selected by TIL will 
be complete if the switchover time to free-running oscillation occurs at late 
times after the main pulse (i.e., it takes place on the decaying tail of the 
laser pulse) . If appropriate conditions are not satisfied, the switchover time 
will be in the early buildup time (or at a time during the main pulse), in which 
case TIL energy extraction at the desired frequency will not be complete. 

Complete-versus-partial TIL energy extraction is a subject requiring exten- 
sive scrutiny for a tunable TIL laser. This important problem is not encountered 
for a TIL gain-switched CO2 laser with an internal low pressure gain cell (caus- 
ing line-center TIL). The internal low pressure gain cell selects a mode near 
the center of a high-gain line and, hence, as noted previously, the switchover 
time to the free-running oscillating mode (which may be, e.g., another resonator 
mode adjacent to or in the vicinity of the selected mode) will take place at late 
times on the tail of the pulse. However, the switchover process can be an 
important effect if the injected radiation is introduced at a frequency where 
the gain of the medium is lower than the peak gain (even by as much as five or 
ten percent) . 

The switchover time duration critically depends on several parameters. 

They consist of; (a) Intensity of the injected radiation, (b) the gain-above- 
loss-factor at the mode selected by the injected field compared to the gain- 
above-loss factor in the region where free-running oscillation can occur, 

(c) the detuning of the frequency of the injected field from center-frequency 
of the selected resonator mode, and (d) the saturation parameters of the 
medium determined by pressure effect. 

For the power-oscillator laser at a fixed pressure, and a given resonator 
loss factor, the condition for complete energy extraction by TIL can be described 
by a threshold intensity, I^hf of fhe injected field inside the resonator. 

This threshold is defined by the intensity of the injected radiation causing 
the switchover time to take place at times not shorter than two or three times 
the duration of the main pulse. Accordingly, the threshold intensity (for com- 
plete TIL energy extraction) will depend on the gain factor at the injected 
frequency, and the detuning of it from the peak of the selected resonator mode. 

The work of colleagues (ref. 1 ) in Canada on TIL of a gain-switched CO2 
laser (and the other workers) have addressed the problem of line-center TIL on 
a high-gain line. Energy extraction in such a system is always in the "complete 
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regime". The previous works have not dealt with TIL energy extraction at a 
tunable frequency, requiring an understanding of the complete-versus-partial 
TIL energy extraction presented here (for the first time). 

In the experimental studies discussed here, the TIL process is explored 
in the line-center region, as well as at frequencies appreciably detuned from 
the CXD 2 line centers. In the line-center observations, an external line- 
tunable low pressure CW CO 2 laser is used as the TIL driver master oscillator. 

In this case, e.g., complete-versus-partial energy extraction on a low-gain line 
is e:q)lored by TIL of a gain-switched power oscillator employing a broadband 
resonator. In this case the switchover from line-center TIL on the low-gain line 
will take place to free-running multimode oscillation on the highest gain line. 

The energy extraction at frequencies appreciably detuned from CD 2 line 
centers are studied employing an external line-tunable low pressure N 2 O laser 
as the TIL driver master oscillator. It is known that the N 2 O and CO 2 ampli- 
fying bands (in the 10.6 Mm region) overlap one another. Several N 2 O laser 
lines lie at known frequencies detuned from the center frequencies of nearby 
CO 2 lines. With a gain-switched CO 2 power oscillator at varying pressures (cor- 
responding to varying collision broadened linewidths), off-line center TIL is 
studied employing the N 2 O TIL driver laser. This process is also studied using 
the CO 2 power oscillator with a grating tunable resonator containing within it 
a low pressure N 2 O gain cell. 

Figure 5 is a schematic of w611-known TIL with an internal low pressure 
gain oell. Observation of a smooth output pulse is a good indication of TIL. 

This is observed with the low pressure gain cell switched on. Without the low- 
pressure gain oell, the output is accompanied with beatnotes originating from 
multimode operation. 

Figure 6 is schematic of a tunable TIL employing an external (tunable) 
master oscillator. 

Figures 7, 8, and 9 relate to complete-versus-partial TIL energy extraction. 
The upper trace in figure 7 is a computer modeling theoretical estimate for a 
case in which an injected field at 20 mW intensity is introduced in the resonator 
of a gain-switched OO 2 power oscillator at the frequency of the P(1 0) line (with 
the power oscillator laser employing broadband resonator reflectors). The main 
pulse shows buildup and decay of the P(10) line. Full scale absissa is 10 Msec. 
The gain-switched pulse is followed by a long tail (caused by transfer from N 2 O 
to CO 2 ) • The switchover to the free-running oscillation on the P(18), the high- 
gain line, is also displayed (the lower trace). In this case (which corresponds 
to a non-complete energy extraction), the total laser output will consist of 
a superposition of the two curves, with the main peak dominantly consisting of 
the P(1 0) line and an early switchover on the tail to the P(1 8) line. This 
figure 7 also shows experimentally observed near-complete TIL energy extraction 
with about one nW injected radiation in the P(1 2) line. The switchover occurs 
to the P(18) line on the tail of the pulse. When this occurs, the P(18) line 
appears (as in a free-running oscillator) with multimoding. The breaking into 
a multimode operation seen on the decaying portion of the observed pulse is due 
to the switchover from single mode TIL P(12) line to multimode free-running 



P{18) line. For clarity of presentation, the lower figure is a hand drawing 
of the somewhat faint (high speed) oscilloscope picture of the experimental 
trace shown. 

Figure 8 shows the observed pulses described in figure 7, except the 
injected field intensities are varied. The two traces in figure 8 show the con- 
trol of switchover time by injected field intensity. 

Figure 9 shows the observed pulses described in figure 7 for about 50 mW 
injected radiation, showing complete energy extraction (with the switchover time 
delayed to late times on the tail not appearing on the trace) . The intensities 
of the injected field for figures 7, 8, and 9 correspond to the injected fre- 
quency, Wjnj' tuned to the center frequency of the power oscillator resonator 
mode (via the method described in the explanation of figure 1). Additional 
details of figures 7, 8, and 9 will be published by S. Nazemi and A. Javan. 

Figure 10 lists several N 2 O laser lines at frequencies differing by known 
amounts from CO 2 line centers. 

Figure 11 illustrates that the threshold injected field intensity for com- 
plete energy extraction (I^h) <3epends on the parameter N given in the figure. 
As is seen, the parameter N in turn depends on pressure broadened linewidth 
as shown. lyj at a fixed detuned frequency is considerably lower for a broader 
line (higher pressure) . 

Figure 12 gives the TIL threshold intensity, Ith» for complete energy 
extraction at a detuned frequency employing the R(10) N 2 O line (at 1980 MHz 
removed from P(16) OO 2 line center). The threshold injected intensity (value 
for inside resonator), Ithf is given at 3 different pressures. At about one 
atmosphere pressure, larger than 50 mW is required for complete TIL energy 
extraction. At about 2.5 atmospheres, on the other hand, 3 yW is sufficient for 
complete energy extraction (at the detuned N 2 O frequency) . The threshold 
values are given for the injected field carefully tuned to the peak of the 
power oscillator resonator mode, with the method extensively described in the 
explanation of figure 1, employing CW N 2 O lasers (and gain cell) instead of 
CW CO 2 lasers (and gain cell) , see figure 1 . 

We mention here, with great emphasis, that an important aspect of engineer- 
ing of a tunable TIL CO 2 laser is control of the power oscillator resonator mode 
with respect to the frequency of the tunable injected radiation. Based on 
extensive component-by-component experimental investigations, a frequency track- 
ing unit, complete with fine control and calibration, has been designed and is 
under consideration by NASA LaRC for possible implementation. Future publica- 
tions will describe the control system. 

Tunable frequency energy extraction by TIL from an energetic gain switched 
CO 2 laser can be achieved with a TIL driver input consisting of a frequency tun- 
able laser pulse (low energy) with a duration as short as about ten nsec (or 
longer) . A grating tunable photopreionized high pressure CO 2 laser can be 
reliably operated (with seed gas photoionization) at output energies in the ten 
to fifty mj range. Such a high pressure laser can be tuned to frequencies 
appreciably detuned frcxn CO 2 line centers. However, the spectrum of the grating 
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tunable high pressure pulsed CO 2 laser is generally broad. It consists of 
multimode oscillation spread over a range of about 2000 MHz. This laser, by 
itself, is inadequate for use as a driver TIL master oscillator. On the other 
hand, if it is followed by an appropriate Fabry-Perot filter, it is possible 
to reproducibly select one (or two) oscillating modes for use as a tunable TIL 
driver master oscillator. (Controlling the tuning can be achieved with simul- 
taneous - ganged - laser grating and Fabry-Perot filter tuning.) 

In the system employed, the selected (filtered) oscillating modes appeared 
(after the filter) at a pulse duration somewhat below 100 nsec at a peak intens- 
ity of about 0.1 to 1 kw. The OO 2 power oscillator was triggered at a (variable) 
delayed time with respect to the pulsed driver master oscillator. The pulsed 
injected field is introduced in the gain-switched CO 2 power oscillator during 
the early buildup time. By varying the delay, it is found that about 100 nsec 
time window is readily available to achieve TIL with the injected pulse. This 
experiment has been successfully performed. However, detailed observations 
(and the possible utilization in a remote sensing experiment) are presently 
postponed for a later date. 

A short pulse TIL driver master oscillator cannot be used at the same time 
for heterodyne detection of the Lidar return signal. (The return signal arrives 
at a delayed time.) Such a system would require a separate LO laser (such as 
a tunable diode laser) in the Lidar detection system. 

A gain-switched OO 2 power oscillator operating at a multi atmospheric pres- 
sure, driven with an appropriate TIL driver master oscillator, can offer fre- 
quency tunable output in ranges considerably detuned from CO 2 line centers. 

An isotopic high pressure CO 2 laser can be operated closed cycle (sealed off) 
with catalytic OO 2 regeneration. Such an isotopic CX >2 laser, reliably operat- 
ing with seed gas jrfiotopreioni zation (refs. 2 and 3), offers broad frequency 
tuning at about 3 atmospheres pressure. 

An important tunable master oscillator available for TIL driver is the 
system consisting of a line tunable CW CO 2 laser followed by a tunable micro- 
wave e.o. modulator (ref. 4). The tunable microwave sidebands have sufficient 
intensity for TIL energy extraction. 

With a tight control of the power oscillator resonator mode and its cen- 
tering on the injected frequency, it should also be possible to employ a tunable 
diode laser as the tunable TIL driver master oscillator. 

Another possibility (sugested by A. Mooradian of Lincoln Laboratory) is 
parametric mixing of a CO and CO 2 laser to generate discretely tunable radia- 
tion (by about 150 MHz spacing) over a broad region in the 1 0 Jim range. 

A tunable TIL in the CO 2 line center region (applied to an atmospheric dif- 
ferential remote sensing experiment) has been reported (ref. 5) by R. Menzies 
with a tunable (by several hundred MHz) waveguide CO 2 laser. 

An ideal widely tunable master oscillator for a differential absorption 
(ref. 6) ej^eriment, however, is a miniature e-beam sustained CO 2 laser cur- 
rently under extensive development. 


PRECISION MINI E-BEAM- SUSTAINED TUNABLE CW CO 2 LASER; 

A COMPONENT-BY-COMPONENT DESIGN STUDY 

A design-study project is in progress to construct a miniature e-beam sus- 
tained tunable CW CO 2 laser, with a thin pencil-like plasma volume (of about 
10 cm X 1 (mm) 2), capable of operating at pressures as high as 3 to 4 atmo- 
spheres. Such a laser will offer a fine frequency-tuning characteristic, with 
a single-mode output at a CW output power up to about 50 watts. The removal 
of deposited heat energy (necessary for CW operation) is achieved by rapid 
transverse gas flow. The thin cross-section of the pencil-like plasma facili- 
tates the heat removal at a subsonic flow. The design calls for operation at 
a sustainer voltage below avalanche breakdown, where the totality of the elec- 
trons in the thin pencil-like CO 2 plasma is produced by the secondaries from 
the incident primary e-beam. The e-beam is in the form of a thin ribbon trans- 
mitted through a thin foil. 

The operating pressure under consideration is up to 3 to 4 atmospheres, 
where broad tuning can be obtained, as in reference 3, with an isotopic CO 2 gas 
mixture . 

It is necessary to employ a low-Fresnel number resonator with a short mirror 
spacing (13 cm in the present design). 

The requirement for a short low-Fresnel number resonator together with the 
miniature nature of the device calls for novel design considerations within 
severe space limitations (of the miniature laser) . The short resonator of the 
laser facilitates energy extraction at a minimum diffraction loss. 

The electron gun is of the plasma cathode design. Figure 13 shows internal 
components of the electron gun made visible by removal of the anode. The hollow 
cathode and its concentric shield are precisely aligned inside the vacuum box 
(left) by means of two high voltage feedthroughs which are not seen in this 
view. The anode plate is 2 cm thick to allow for water cooling channels, A 
wide slot is cut out of the central portion of the anode. This is covered on 
the vacuum side by a thin narrowly slotted plate to permit electron passage 
into the 2 cm long field free region. A 0.3 mil thick aluminum window seals 
the outside of the wide anode slot. This device produces a uniform, stable, 

CW electron beam 9 cm long and 0.2 cm wide at a current density of 300 yA/cm^ 
and energy of 30 keV, 

Figure 14 is an electron gun similar to that shown in figure 1 3 in opera- 
tion with the ribbon-like beam emerging into the atmosphere. In this view the 
two H.V. feedthroughs are visible emerging from the vacuum chamber. Also visi- 
ble is the glow of ionized air in the path of the electron beam. The uniformity 
of the glow reflects the uniformity of the emergent beam. 

The author expresses acknowledgment to the Spectroscopy Branch, LaRC, 
Virginia, headed by R. V. Hess, for continued encouragement and support. The 
program has extensively benefited from the modeling estimates and other inves- 
tigations of the branch, specifying the various requirements. 
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Figure 1.- TIL characteristics; heterodyne observations 
in the CO 2 line-center region. 
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Figure 2 . - Heterodyne signal ring power oscillator (TIL) 
display of chirping at late times . 
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Figure 3.- A method for removal of frequency chirp 
from a pulsed laser; concept. 
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Figure 4.- A method for removal of frequency chirp 
from a pulsed laser: experimental arrangement. 









Gain-switched multi-atmospheric TEA laser 



Ring Resonator Grating Is Broadly Tuned To The 
Desired Frequency Region. The Injected Vteak Input, 
Tuned To The Appropriate Frequency, Will Cause 
Near-Ccnplete Energy Extraction At A Single-Mode 
Frequency (Close To The Injected Frequency) 


Figure 6.- Schematic of tunable Transient Injection Locking. 
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Figure 7.- Theoretical and experimental energy 
extraction by Transient Injection Locking. 



Figure 8.- Effect of varying injected power on the 
time-of-onset of multimoding. 
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Figure 9.- Complete energy extraction by 
Transient Injection Locking for the 
case of strong injected radiation. 
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Figure 10.- Difference frequencies for 
some N.,0 and COo laser lines. 
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Figure 11.- Threshold for complete energy extraction 
versus detuning from line center. 
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Figure 12.- TIL at detuned frequencies: 
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versus pressure. 
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Figure 13.- Internal view of plasma cathode electron gun. 



Figure 14.- Plasma cathode electron gun operating 

in air. 
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AN AIRBORNE DOPPLER LIDAR 


Charles A. DiMarzio 
Raytheon Company 

James W. Bilbro 
Marshall Space Flight Center 


ABSTRACT 

A Pulsed CO 2 Doppler Lidar has been developed for airborne 
measurements of atmospheric wind fields. This device has been 
successfully utilized in the detection and measurement of moun- 
tain-wave turbulence and wind shear, and in the generation of 
time histories of wind-field variations in smooth flight. This 
Lidar is now in the process of being configured for measurement 
of the atmospheric flow fields surrounding severe convective 
storms . 

This paper will provide a brief description of the system, 
a discussion of the Lidar System's Capabilities, a brief look at 
typical data provided by the system, and an overview of near- 
term program plans. 


INTRODUCTION 


The coherent pulsed Doppler Lidar, shown in figure 1, was 
built by the Raytheon Co. for NASA Marshall Space Flight Center 
in 1971 (ref. 1) . This unit was originally designed for the 
detection of clear air turbulence (CAT) and was flown on a shake- 
down flight in 1972 and in a search for CAT in 1973. The 
system succeeded in measuring clear air returns up to an altitude 
of 6 kilometers, and, on one occassion, detected mountain-wave 
turbulence, which was verified by penetration with the aircraft 
(ref. 2) . The Lidar was found to be operating considerably 
under its theoretical expectations and was extensively refur- 
bished, incorporating a number of changes including an offset 
local oscillator to allow ground-based operation with stationary 
targets. A series of ground tests was undertaken in 1977 and 
1978, and the Lidar was flown in another CAT flight series in 
early 1979. Data analysis from this test series is still under- 
way, so this paper will provide only representative selections 
of the types of information being obtained. 
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The Lidar is currently being modified to perform flow-field 
mapping of the non-precipitating regions of severe storms. This 
primarily involves the incorporation of a scan system, central 
timing and control system, new signal processing electronics, 
and a new telescope. An extensive measurement program is being 
planned for the summer of 1981. 

SYSTEM DESCRIPTION 


A block diagram of the Lidar is shown in Figure 2. It is 
a CO 2 , pulsed, coherent Lidar operating at 10.6ym. Its config- 
uration is known as a MOPA, (master oscillator power amplifier) . 
To obtain an understanding of how the system operates, it is 
perhaps best to follow through the block diagram. First, the 
master oscillator is a continuous wave (CW) laser providing 
approximately 8 watts of linearly polarized radiation at 10.6ym. 

A small portion of this output is picked off for use in frequency 
stabilization of the master laser and for use in an offset lock- 
ing loop used to maintain the offset-local-oscillator laser at 
a 10 MHz frequency offset from the master laser. The main por- 
tion of the master-laser output is directed to an electro-optic 
CdTe modulator, where it is chopped into a pulse train of varia- 
ble width and rate. The width may be selected at 2,4, or 8 ys 
and the rate may be varied from 1 to 200 pulses per second. The 
resultant pulse train passes through an indium-antiomonide isola- 
tor which prevents reflections from the secondary mirror of the 
telescope from entering the master laser cavity. The pulse 
train, after being expanded to a diameter of 15mm, is then direc- 
ted into a 6 -tube power-amplifier array which provides approx- 
imately 40 dB of gain. The pulse train next passes through a 
Brewster window, a quarter-wave plate (which converts the polar- 
ization from linear to circular) and into a collimated 30cm 
diameter telescope where the pulse train is expanded to approx- 
imately 24 cm (1/e^) and directed into the atmosphere. These 
pulses are scattered by particulates on the order of from 1 to 
10 ym in size which are naturally entrained in the atmosphere. 
Some of the scattered light returns along the same optical path 
as the incident beam, after having been Doppler shifted in fre- 
quency by an amount proportional to the radial component of the 
aerosol velocity, and reversed in its direction of circular 
polarization. Measurement of this Doppler Shift in frequency is 
the primary purpose of the Lidar. The backscattered beam is 
collected by the telescope, passed through the quarter-wave plate 
and reflected by the Brewster window to the HgCdTe detector, 
where it is mixed with the LO beam. The reflection from the 
Brewster plate is enhanced by the change in polarization at the 
target, which results in linear polarization of the scattered 
beam at 90° to the polarization of the transmitter. 
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SYSTEM CAPABILITY SUMMARY 


The System's range capability is determined by character- 
istics of the atmosphere and of the system. At the present time, 
the system's minimum range is 3 kilometers, due to detector 
saturation caused by the backscattering of transmitted light 
from the secondary mirror. Except for highly reflective targets 
such as clouds or the ground, the usual maximum range at which 
signals are received is limited by beam propagation effects to 
less than 15 kilometers. In the recent flight tests useful 
signals were obtained with backscatter coefficients estimated at 
2 X 10~^m“lsteradian~^ or less. Particle sampling measurements 
have been used to predict CO 2 backscatter coefficients, and these 
analyses indicate a wide spread in the atmospheric backscatter 
coefficients. A new measurement program is being planned to 
make quantitative backscatter measurements at different altitudes, 
locations, and times to more accurately determine the opera- 
tional capability of the system. 


The resolution of the system in space, velocity and time 
may be varied within some limitations. Typical operation of the 
system during the CAT flight tests used an 8 microsecond pulse, 
resulting in a velocity resolution of 0.5 m/sec and a range 
resolution of 1.2 kilometers. The actual range or velocity 
estimate for a target may be improved by approximately by 
integrating N pulses and them employing adaptive thresholding 
and statistical analysis. 


The pulse repetition frequency of the system is typically 
140 pulses per second, and, in typical operation, 25 to 50 
pulses are integrated to produce a single data sample. This 
results in 3 to 6 data samples per second. During previous 
tests each data sample has included complete spectral data over 
a 10 megahertz (50 m/sec) bandwidth for a single selected range 
gate. A new processor, presently being installed, will provide 
processed spectral parameters for each range gate over the same 
range of data rates. Thus, while complete spectral data will 
not be available, parameters from all range gates will become 
available at the specified update rate. This will result in 
considerably more efficient use of the available data. 

The display capabilities of the system include the real-time 
analog displays of processor outputs, near-real-time displays of 
algorithm results from the on-line mini computer, and more 
detailed displays which may be obtained at the completion of a 
mission. The real-time analog displays include the RVI , IVI , 
and A-Scope. These displays are shown in Figure 3. The top 
display is the RVI, which displays range on the horizontal axis, 
velocity on the vertical axis, and amplitude with intensity 
modulation of the display. At short ranges, the display in the 
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figure shows the saturation effect mentioned previously. At 
longer range, it shows a velocity which decreases and then 
increases with increasing range, along with varying amplitudes 
and spectral widths, and a distant return from a cloud or solid 
object. While this three-dimensional display is useful for a 
qualitative evaluation of the system, and for locating inter- 
esting features, it is not amenable to quantitative analysis. 

For these purposes, two-dimensional displays are more useful, 
and two such displays may be obtained by looking at slices of 
the RVI display, as indicated by the lines in the figure. The 
IVI shows the spectrum of the return at a selected range. The 
logarithm of the intensity is plotted as a function of frequency 
(velocity) . This represents a vertical slice at a selected 
range through the RVI display. The A-Scope provides the oppo- 
site type of displays, showing the variations in intensity as 
a function of range at a selected velocity. In the indicated 
display, the atmospheric return has contributions at the 
selected velocity at two different ranges. The range scale is 
selectable, but is generally set at 16 kilometers, full scale. 
The on-line mini computer provides a means for recording the 
Lidar processor data, ancillary data from other sources, time 
and run number, and provides selected parameter displays. For 
example velocity, spectral width, or amplitude could be plotted 
with respect to time, range, or other parameters. The mini 
computer provides a number of default displays, and additional 
displays can be selected by the operator. All data are recorded 
on magnetic tape for more detailed analysis with the mini com- 
puter or with an off-line large-scale computer. 


AIRBORNE MEASUREMENTS 

During the 1979 flight tests, many different measurements 
were made to verify the different operational capabilities of 
the system. Calibration measurements were made using reason- 
ably uniform hard targets, such as the desert floor to determine 
the system sensitivity. Velocity comparisons were made to verify 
measurements of the correct Doppler frequency. Power spectral 
density measurements of the atmospheric velocity were made as 
well as actual measurements of clear air turbulence encounters. 
This section will describe one of each of these types of mea- 
surements . 

Several approaches were made at various solid targets to 
establish the sensitivity of the system. The most consistent 
results were obtained from the desert sand at Edwards AFB. 

Knowing the reflectivity p(n) of the solid target and the pulse 
length, M, it is easy to calculate the atmospheric backscatter 
coefficient which would produce the same signal; 

~ P (1) 
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The minimum detectable backscatter coefficient is in the same 
ratio to this as the minimum detectable signal is to the cali- 
bration signal; 


From this, the 
was obtained. 
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A comparison of the ground speed as measured by the Doppler 
Lidar to that measured by the aircraft Inertial Navigation Sys- 
tem (INS) is shown in figure 4. These measurements were made 
during flight 28 on March 26, 1979. The aircraft plot was con- 
structed by simply plotting the ground speed as measured by 
the aircraft INS. The Lidar plot was somewhat more complicated 
to construct, since the ground return had to be tracked in 
range as the dive progressed. This was accomplished by scann- 
ing in range, identifying the ground return in each scan by its 
amplitude characteristics, and calculating the mean of the 
signal spectrum through an automatic thresholding routine. The 
ground speed was then determined by multiplying the resultant 
velocity by the cosine of the pitch angle, taking into account 
the -1.5 degree offset for the pointing of the Lidar pod. The 
average difference in these ground speed measurements is 4.52 
meters per second with a standard deviation of 0.6 meters per 
second. During the flight, comparison of airborne digital data 
acquisition system (ADDAS) with cockpit data indicated that the 
ADDAS-system velocity data were approximately 3 meters per 
second slow. The remaining 1.5 meters per second difference 
between the Lidar and the aircraft velocity measurements lies 
well within the error bounds of the aircraft measurement system. 

A 13-minute segment of the mean wind-velocity component in 
the direction of the aircraft heading is shown in figure 5. 

This was measured 3 kilometers in front of the aircraft at an 
altitude of approximately 8.5 kilometers. Overall variations 
of approximately 8 m/s are indicated for the duration of the 
sample. This plot was produced by calculating the mean velocity 
of the spectrum, averaged over 50 pulses, at a rate of roughly 
3 times a second. This time history has been corrected for 
ground-speed component in the measurement direction. This was 
obtained by multiplying the ground speed by the cosine of 
the drift angle (the angle between the aircraft heading and the 
actual direction of travel) . 

The power spectral density plot for this sample is shown at 
the bottom of figure 5. This plot was produced using a 2048 
point FFT with Blackman windowing and the mean extracted. As 
can be seen from the plot, the -5/3 slope, predicted by Kolmo- 
gorov, is followed rather well out to a frequency of about .15 Hz 
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where it tends to level off to noise. At an airspeed of approx- 
imately 235 m/s this corresponds to a spatial length of about 
1.5 kilometers, which corresponds reasonably well to the pulse 
length of about 1.2 km. It was anticipated that turbulence 
length scales below this length would not be resolved by this 
technique. However, turbulence length scales below this limit 
do contribute to the spectral spread of the Lidar signal. Con- 
sequently by combining this technique with spectral processing 
of the Lidar signal, turbulence length scales from several 
hundred kilometers (such as the case above) down to several 
meters can be measured. The lower limit is determined by such 
inherent effects as signal-to-noise ratio, processor bandwidth, 
and spectral broadening caused by system characteristics. 

An example of spectral broadening associated with clear 
air turbulence is shown in figure 6. This figure shows, on a 
single plot, the spectral broadening due to turbulence length 
scales less than the pulse length and the accelerations actually 
encountered by the aircraft. In this case, the broadening of 
the spectrum occurs about 20 seconds before the turbulence 
encounter. An automated analysis of selected turbulence encoun- 
ters and additional analysis of power spectral densities at the 
longer turbulence scales are in the process of being implemented. 


FUTURE PROGRAMS 

The Lidar is presently being modified to perform measure- 
ments of the clear-air regions around severe storms. The 
transmitter will be overhauled and a new off-axis telescope ob- 
tained, which will eliminate the saturation effects at near 
ranges (caused by reflections from the secondary mirror in the 
present telescope) . A scan system is being constructed which 
will allow the scan pattern shown in figure 7. This type of 
scanning will allow the measurement of the mean wind velocity 
components in a region from two different view angles, thereby 
allowing resolution of the horizontal vector wind velocity. 

A new signal processing system is being installed which will 
calculate the spectral power, mean frequency, and width for each 
range gate for every integration period. This information will 
be fed to a central timing and control system, which incorpor- 
ates the location data from the scanner and the aircraft and 
interfaces to an on-line PDPll-35 computer for processing. 

The output of this measurement will be in the form of a 
two-dimensional vector map of the velocities in the horizontal 
plane at the altitude of the aircraft. 

A flight test of this system is planned for June and July 
of 1981. Successful results in this test will, in all probabil- 
ity, lead to additional measurements being performed in 1982 
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and 1983. 


Because of the importance of atmospheric-backscatter-co- 
efficient levels to system operations, a test program has been 
undertaken to develop and fly a compact, CW, Doppler Lidar. 
This program is aimed specifically at establishing the back- 
scatter-coefficient variation with altitude and location. A 
long-term program to attempt to establish the temporal as well 
as spatial variation over the next 3 years is being planned. 


SUMMARY 

An airborne Doppler Lidar has been described which has 
been used successfully to detect turbulence and to perform 
large-scale wind variation measurements. The airborne measure- 
ment program, which took place in January through March 1979, 
was conducted by personnel from the Raytheon Company and Marshall 
Space Flight Center. The real-time and post-processing soft- 
ware utilized in obtaining the selected data samples were pro- 
vided by the M&S Computing Corporation. Post-processing soft- 
ware for data generated on the Univac 1108 computer was provided 
by Computer Science Corporation. The flight operations were 
performed by Ames Research Center and meteorological support 
was provided by Dryden Flight Research Center, the United States 
Air Force, Stanford Research Institute and Marshall Space 
Flight Center. Particulate studies were performed by Alabama 
A&M University. 
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Pulsed CO 2 Doppler Lidar block diagram. 
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Figure 5.- Atmospheric- velocity measurements with a pulsed CO 2 Lidar . 


539 




SURFACE RELIEF STRUCTURES FOR MULTIPLE BEAM LO GENERATION 


WITH HETERODYNING DETECTOR ARRAYS* 

Wilfrid B. Veldkamp 
Massachusetts Institute of Technology 
Lincoln Laboratory 
Lexington, Massachusetts 02173 


SUimRY 


Linear and binary holograms have been developed for use in heterodyne 
detection with 10.6ym imaging arrays. These devices match the amplitude 
and phase of the local oscillator to the received signal and thus maxi- 
mize the system signal- to-noise ratio and resolution and minimize heat 
generation on the focal plane. In both the linear and binary approaches, 
the holographic surface -relief pattern is coded to generate a set of local 
oscillator beams when the relief pattern is illuminated by a single plane- 
wave. Each beam of this set has the same amplitude shape distribution as, 
and is collinear with, each single element wavefront illuminating array. 


INTRODUCTION 


High- resolution infrared laser radars (ref. 1) often suffer from 
considerable loss of image quality due to speckle noise. This speckle 
noise is caused by the constructive and destructive interference of wave- 
fronts reflected from a rough target and from the large spatial coherence 
of the laser radiation source. The only feasible way, at present, to 
improve the speckle- degraded image quality is to average a number of frames 
of the scanned image, pixel by pixel. The frame -averaging requirement is 
for very high scan rates. The use of a detector array reduces this require- 
ment; i.e., it reduces the scan rate while increasing the frame rate. 

A problem in high- efficiency heterodyne detection with detector 
arrays is the loss of heterodyne efficiency due to the misalignment of 
signal and local-oscillator (LO) wavefronts away from the optical axis 
when a single uniform local oscillator wavefront is used. The hetero- 
dyne efficiency, which is proportional to the vector dot product of the 


*This work was sponsored by the Department of the Air Force. 
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signal (ref. 2) and the local oscillator wavefronts integrated over the 
entire detector area, decreases rapidly with angular misalignment of sig- 
nal and ID wavefronts. When this angular misalignment approaches 6 X/d 
where d is the detector diameter, the detection efficiency falls to 
approximately zero. This destructive interference imposes a restriction 
on the maximum number, n, of detector elements in an array with detector 
separation, s, and at a distance, £, away from a signal exit aperture. 


n 




£ 

s 


( 1 ) 


This type of detection efficiency loss can be alleviated consider- 
ably with the use of a cylindrical LO wavefront. Other sources of detec- 
tion efficiency degradation are mismatches between signal and LO wavefront 
amplitude distributions and between optimum detector size, d, and the sig- 
nal diffraction limited Airy spot size. These detection efficiency losses 
can be quite severe, particularly for telescopes with high obscuration 
ratio's (see figure 1). Finally the use of a uniform- intensity local 
oscillator not only reduces the S/N by creating excess LO noise but also 
generates excess focal-plane heat and lowers the heterodyning system's 
spatial frequency resolution. Thus, the desirability of an amplitude and 
angular phase-matched set of LO's is clear. 

In our approach, we used a holographic surface-relief grating to 
generate a set of LO's. A uniform plane-wave of a single LO illuminates 
the grating so that the reflected light, after passing through the 
detector focussing lens, consists of a fan of N plane waves focussed on 
each of the N detectors in the array in phase with the incoming signal 
(see figure 2) . In addition, if the virtual exit aperture calculated 
for the signal beam path is replaced by a real aperture, then the size of 
the holographic grating can be chosen to equal or exceed the size necessary 
to obtain diffraction- limited LO amplitude distributions of the same size 
as the signal amplitude distribution. The LO amplitude distribution then 
must have enough spatial frequency bandwidth in the Fourier domain to 
exceed the spatial frequency bandwidth set by the real exit aperture acting 
as a low-pass filter. Consequently, the optical signal wavefronts and the 
LO wavefronts are space- limited by the same low- pass filter and exact 
signal- to-LO diffraction- limited amplitude matching occurs. 

Two techniques were developed to generate the necessary high-accuracy 
optical-phase relief gratings. The first approach, called the linear or 
optical technique used the classical concept of holographic recordings in 
photosensitive materials (positive photoresist). In the recording step, 
an optical wavefront simulating the LO wavefronts is recorded in photoresist 
at a blue or near UV wavelength that matches the resist sensitivity. In the 
reconstruction step, a scaled IR optical wavefront simulating the LO's is 
generated by reilluminating the recording with an IR (10.6ym) plane wave. 

The second approach called the binary or synthetic technique uses a 
real non-negative coding scheme to generate a complex wavefront with binary 
77-phase steps deposited on a reflective substrate. When this substrate is 
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reillLnninated with a plane wavefront of the appropriate wavelength, a 
uniform set of uniform plane LO wavefronts is generated without any need 
for a previous optical recording. 


HOLOGRAPHIC GRATING FABRICATION 


The Linear Technique 

In the linear (optical) technique (see figure 3) , a phase-holographic 
recording of a reference wavefront and an information wavefront are made 
in photoresist (AZ 1350- J) with the use of an Argon ion laser beam tuned to 
4579 A. The information beam consists of a set of N plane-waves generated 
by a scaled metallic mask containing apertures simulating the detector array. 
Each aperture in the mask acts as a point source that generates a plane-wave 
by lens Fourier transformation or by propagation, depending on the size of 
the apertures. The information beam is mixed with a uniform plane-wave at 
an angle 0, , and the interference pattern is recorded on a pretreated sub- 
strate coated with photoresist (see figure 4) . The coherent exposure 
records the interference pattern in the photoresist by deactivating a 
photoactive inhibitor compound with a deactivation density proportional 
to the optic field intensity distribution. In the following resist development 
step, the light exposure distribution is transformed into a relief pattern 
at a rate of approximately 1500 A/sec (ref. 3). The relief depth controls 
the ultimate diffraction efficiency of the grating (refs. 4 and 5). 

Because of the mechanical instability of the resist, the relief pattern 
must be transferred to a mechanically stable and highly reflective 
substrate. This can be done by ion-beam etching chemical wet etching, or 
electroplating . 

Reillumination of the holographic relief grating with IR light will 
recreate a set of N uniform plane-wavefronts scaled in angles and in 
spatial coordinates in the image domain according to the first-order 
expressions shown in figure 4. It can be shown that of the Seidel aberra- 
tions caused by the mismatch of the three wavefronts, only distortion can 
not be avoided in Fourier holograms undergoing a wavelength transformation, 
(ref. 4). However, the positions of the apertures in the object mask 
simulating the detector array have been calculated and predistorted to 
compensate for this mismatch. 

Typical mask apertures used in tliese experiments were 8ym in diameter and 
positioned at approximately 25ym intervals. Position accuracy was better 
than lym. The large wavelength scaling ratio ^jn/An ^ 23 caused the 
interference angle 6, to be very small, approximately 1.3°, and required 
the use of a Mach-Zennder interferometer recording arrangement with a beam 
expander and spatial filter in one branch and the metallic mask in the 
other. Better than X/50 optics were used throughout the recording arrange- 
ment. 
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The three problem areas of the technique are (1) substrate reflections, 
(2) resist deposition flatness quality, and (3) dynamic range of the optic 
field and resist non-linearities. We chose SKN-5 glass as a substrate 
material and AR coated the back side with 1/4 A Mgp 2 to avoid the formation 
of serious interference nodes in the plane of the resist due to reflection 
from the resist-substrate and substrate-air boundaries. The refractive 
index of SKN-5 glass closely matches that of AZ-1350J resist (n 1.675). 

Of course, refractive index matching with the liquid glycerol in contact 
with black chrome can reduce reflections even more. The deleterious effects 
of substrate reflections are important - - even a 1% residual reflection can 
cause a 20 or 30% change in developed relief height. 

Microfinish and macroflatness are also important for good reconstruction 
image quality. Microfinish imperfections cause a random relief pattern in 
the developed photoresist rather than a smooth etching surface and in turn 
cause a noisy LO background. The deposition of a uniformly thick resist on 
a one- inch substrate was an extremely difficult problem in our effort to 
develop high quality (i-e., large array) linear holographic beam formers. 

To some extent, all our samples exhibited the characteristic doughnut 
resist spinning profile together with resist redepositions from scattering 
in the spinner bowl (even in an acetone atmosphere) . These nonuniformities 
are very destructive for holographic recordings where the lowest and incre- 
mental spatial frequencies are 0.25 lines/mm. 

A third problem concerns the large- intensity dynamic range of the 
information beam and the limited materials linearity. The material non- 
linear distortions have been studied by many researchers (refs. 6 and 7). 

They are particularly severe in thick resist layers* A coherent super- 
position of plane-waves leads to a [sin Nx / sin x]'^ intensity distribu- 
tion. The minimum dynamic range that needs to be recorded is 23 db. The 
only feasible way to reduce the dynamic range of the information beam is 
to introduce randomizing phases in each of the apertures forming the mask. 
Considering the microscopic size of the mask, this is not an easy task. 

Figure 5 shows a single HgCdTe detector scan past the focussed 
IR(10.6ym) image of a three-element mask that forms a three-beam amplitude- 
shaped LO. These three LO beams are separated by 530ym, using the magni- 
fication of a 12 cm focal length lens, exhibit a very low optical noise 
background, and produce an optical conversion efficiency of approximately 
12%. The width of the LO beams is controlled by the low-pass filtering 
characteristics of the exit aperture or by the relief hologram's size. 

It is our experience that with this technique and its severe limita- 
tions of photoresist linearity and large dynamic intensity range of the 
optic field, a maximum of 8- to 10-high optical-quality LO beams per 
linear dimension with an arbitrary spatial distribution can be generated. 

This number of LO's can, of course, be increased somewhat if lower and 
lower power conversion efficiencies can be tolerated. 
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The Binary Technique 


In the binary Ccomputer lithographic) technique (see figure 3) , a 
grating is formed by a reflective substrate on which a series of small 
reflective strips separated by an air gap have been deposited. The 
position and width parameters of these strips can be used to code a com- 
plex object wavefront using the phase detour principle in a real non- 
negative functional form so that the wavefront can be regenerated by 
optical means. 

Our goal is to generate a fan of N uniform plane-waves that are 
focussed by the system's exit lens onto each of the N elements of a 
detector array with equal intensity. This approach requires a Fourier 
superposition of plane-waves of the form. 


1 Z A C2) 

n=l ° 

where the propagation vector k = Zira is determined by the detector config- 
uration and the focal length, f, of the lens. That is, 


Afa = d + s (3) 

where d + s is the detector spacing (see figure 6). The system's exit lens 
focal length is in turn determined by the necessary signal and LO spot sizes 
to be matched to the detector size, i.e., 

0.75 d (4) 

D 

for a grating size of diameter D. The combination of expressions 3 and 4 
yields a spatial frequency of a 0.437 10"^ 1/meter from our system param- 
eters. 


To avoid overlap with the strong undiffracted beam components, this 
collection of plane-waves must be placed on a spatial carrier frequency 
that diffracts the light at an angle 6. This carrier frequency (or 
equivalently, diffraction angle) must be chosen judiciously so that no 
signal aliasing occurs between the different diffraction orders, yet must 
be large enough so that the fringe periodicity is not limited by the 
pattern generator resolution. From a simplified analysis outlined in 
figure 6, one can determine that for a diffraction angle 3 of only a 
few degrees, the fringe accuracy over a 750 mils holographic grating 
must be in the order of 500 S if a 101 LO misalignment can be tolerated. 
This is a very high accuracy requirement. 
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There is, however, another choice: the grating carrier frequency of 

period T can be changed from either parallel (x direction) to or ortliogonal 
(y direction) to the carrier frequency 1/T. After the orthogonal place- 
ment of carrier and information spatial frequencies, equals Na/2, 

and the grating tolerance is greatly relaxed to an accuracy of a few pm 
over the holographic surface. 

The required phase of the LO wavefront c))Cy) can, therefore, be 
described by 


Jt|>Cy) ^ e2TTjnay 

n=-N/2 


C5) 


or 


J <t> (y) 


N/2 


gv , w ^ [1+2 E COS 2Tmay] 

n=l 


Unfortunately, the phase t})(y) that describes the plane-wave superposition 
cannot be extracted in real form for substitution in a phase detour equa- 
tion. This problem can be remedied by creating a composite grating of 
period T and shifting its reflection by a phase exp(jTr/2) or, equivalently, 
a T/2 period. If this plane-wave distribution generated by the composite 
grating is equated to the required superposition of plane-waves, one finds 
the holographic phase modulation (})Cy) of each fringe, i.e.. 


(J)(y) sin 


-1 


[m(4 + 


N/2 

E 

n=l 


cos 2TTna)j 


( 6 ) 


where m is proportional to the modulation depth of the fringes. 

The dynamic range of this phase distribution and that of the generated 
optic field can be reduced considerably by introducing a randomizing phase 
factor exp(j;|j^) to each of the plane-waves in N/2 conjugate pairs. 


<})(y) 


. -1 
sin 


m 1 

(4 + ^ cos(2TTnay + ))] 

/2N ^ n=l 


(7) 


In our system, we have chosen a deterministic binary phase code (ref. 8), 
(0,0,0,TT,0,0,TT,0) that yields a dynamic range reduction of at least 
(P’2N) . Many other binary and polyphase codes exist (ref. 9) that 

bound the amplitude dynamic range of a plane-wave superposition. This ran- 
domizing phase factor has the same effect as introducing microscopic phase 
plates in the mask apertures in the optical technique. It simply randomizes 
the phases between the LO's but maintains a constant phase over each detector 
surface . 
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Each plane-wave component of this sum, therefore, interferes with the 
incident reference wavefront expC27Tj x/X sing). Using the Bragg condition, 
the reference wavefront is expfZTrj x/T) . The resulting interference forms 
a fringe pattern that satisfies the following periodic equations (phase 
detour principle) : 


X 


= -4>(y) 

2tt 


T + nT 


V = 4>(y) + tt 

^ 2tt 


T + nT 


( 8 ) 


where T is the periodicity or distance between two homologous points along 
the grating. A partial, strongly aberrated, visible-light (HeNe) recon- 
struction of a 17-element LO array is shown in figure 7. 

A high resolution pattern generator uses equation (7) to generate a 
hologram large enough to satisfy the required space -bandwidth product by 
repeatedly plotting the fringe pairs of equations (8) . The holographic 
patterns were initially generated at 5X magnification on a Kodak emulsion 
plate using a Mann 1600-A pattern generator. The building block rectangle 
size was 38 x 2 mils with 0.5 mil accuracy on a 5X reticle. In order to 
use a pattern generator with this limited accuracy we had to enhance its 
accuracy and resolution artificially. This was done by plotting a reticle 
of a single square holographic unit cell and by a 5X photoreduction. Then 
with a step- and- repeat process, the hologram was built up of these unit 
cells to its diffraction- limited size. Another 5X photoreduction brought 
the mask down to its final size while maintaining the absolute spatial 
frequency of the grating. This process, of course, also reduced pattern 
generation time considerably to approximately 8 1/2 hours. 

The resulting phase quantization of the highest image spatial frequency 
component was 80 and the amplitude quantization was 20. The effects of these 
quantizations are difficult to analyze (ref. 10). If, however, the quantiza- 
tion errors are assumed to be uniformly random, then it can be shown that 
optimum-magnitude quantization depends on the number of phase quantizations, 

N . via[sin(7T/N )/(tt/N )], i.e., amplitude-phase coupling between errors 
exists (ref. ll^. ^ 

After completion of the pattern in the primary emulsion mask it is 
replicated in thin positive resist on a chrome-coated conformable mask and 
IS chemically etched. A photograph of a section of such a mask is shown in 
figure 8. The period between two homologous points in the x direction 
(vertical) is 2 mils, whereas the y direction (horizontal) carries the 
information, i.e., the phase modulation <j)(y). The final substrate is 
then coated with thick resist (approximately 1/4 X cos 0, where 6 is 
t e angle of incidence) and is exposed through this conformable mask in 
in contact and is developed. The close contact is essential to 

avoi degradation of the thick resist side-walls and to maintain the high 
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acuity. Ion beam bombardment o£ the relief surface transfers the developed 
resist pattern into a stable substrate. The ion beam etching applies to 
both linear holograms (where the resist is not developed away down to the 
substrate) and binary holograms (where it is) . By choosing a suitable 
substrate with a high ion-beam-etch ratio compared to the resist, we can 
take advantage of the resist-substrate-etcA magnification ratio, i.e., 
AZ1350:ST-quartz:Poly-GaAs = 150:279:575 A/min. The cleanup of the 
residual resist and organics was performed by immersing the sample in a 
plasma of 971 He and 3% O 2 . Figure 9 shows these processing steps for 
both the linear and binary techniques. A final 800 A chrome-gold coating 
provides the needed reflection for efficient power conversion (see figure 10) 

These binary gratings were also tested by scanning the focussed first- 
order diffracted wavefront with a single HgCdTe detector obscured by a lOym 
pinhole. The result of this one- dimensional scan of the 17-element LO beam 
profile is shown in figure 11. The LO beams were separated by 112ym, 
consistent with the detector separation in the array. They exhibited low 
optical background noise. The orientation and periodicity (T = 3 mils) of 
this grating were chosen such that a 90° relationship existed between the 
incident wave and the first diffraction order. The nonuniformities 
between the different LO elements are assumed to be due to the inaccur- 
acies in the step -and- repeat process that generated the grating from the 
individual unit cells. This step-and- repeater had a position accuracy 
of only 0.5 mils (approximately one wavelength) and inposed a periodic 
modulation on the LO amplitudes, whereas the low amplitude of the center 
LO was traced to a mathematical error in the program that generated the 
mask. 


DISCUSSION 


We have shown the feasibility of generating a set of LO's that are 
matched in amplitude distribution and angular phase with the incident sig- 
nal wavefronts on 1- or 2-D detector arrays with the use of holographic 
relief gratings by two different techniques. 

The number of LO's that can be generated with linear holograms in the 
optical technique is limited by the high dynamic range of the optic field 
and by resist linearity. Therefore, this technique, although useful, is 
restricted to small detector arrays (a maximum of 10 detectors per linear 
dimension) such as symmetrical detector configurations used for tracking 
purposes . 

The binary technique has its limitations also, even though it elimin- 
ated or reduced the problems of substrate reflections, resist flatness, and 
dynamic range that hampered the optical technique. The major problems with 
the binary technique are pattern generator accuracy, resolution, and genera- 
tion time. In addition, at high diffraction angles or low periodicities 
the fringe duty cycle and the phase modulation depth must be reduced more 
and more. When the fringe spacing becomes comparable to the wavelength 
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Ci.e., < 5X) , the concept (in terms o£ constructive interference of waves 
that are specularly reflected) on which this theory is based no longer 
applies to surface dimensions comparable to the wavelength of the illumi- 
nating light. For instance, in figure 8, a picture of an earlier mask with 
T 50ym, m = 1 and 20% fringe duty cycle (i.e., T/10 fringe width), we 
still observed strong polarization effects, resonances, and possibly surface 
plasmon effects (ref. 12). Reducing the grating periodicity and phase modula- 
tion range unfortunately also reduces the diffraction efficiency. The coding 
method we have discussed is by no means the only or most efficient one. Many 
more elaborate codes exist (ref. 13). It seems feasible to illuminate a 100- 
element heterodyning linear detector array with LO beams from a single binary 
grating with reasonable power efficiency. 


"The views and conclusions contained in this 
document are those of the contractor and should 
not be interpreted as necessarily representing 
the official policies, either expressed or implied, 
of the United States Government.” 
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Figure 2.- Holographic generation of a multibeam local oscillator. 
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Figure 3.- Characteristics of linear and binary reflection holograms. 
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Figure 6.- LO alignment dependence on fringe position accuracy. 




Figure 7.- A strongly magnified, aberrated, .visible light (HeNe) recon- 
struction of a 17-element LO beam from a binary grating. 








Figure 8.- Enlarged photograph of a section of a binary mask, T = 50ym, m = 1. 
The insert shows a section of a compressed conjugate fringe pair. 
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Figure 9.- Processing steps in the formation of linear and binary relief 

gratings. 


555 






DIAL WITH HETERODYNE DETECTION INCLUDING SPECKLE NOISE: 


AIRCRAFT/SHUTTLE MEASUREMENTS OF O^ / H^O, AND NH^ WITH 
PULSED TUNABLE CO^ LASERS 

Philip Brockman, Robert V. Hess, Leo D. Staton, and Clayton H. Bair 

Langley Research Center 


INTRODUCTION 

There is great need for atmospheric trace constituent measurements with 
higher vertical resolution than attainable with passive radiometers. Infrared 
(IR) DIAL, which depends on Mie scattering from aerosols, has special advantages 
for tropospheric and lower stratospheric applications and has great potential 
importance for measurements from Shuttle (ref. 1) and aircraft. Differential- 
absorption LIDAR data reduction involves comparing large amplitude signals which 
have small differences. The accuracy of the trace constituent concentration 
inferred from DIAL measurements depends strongly on the errors in determining 
the amplitude of the signals. Thus, the commonly used SNR expression (signal 
divided by noise in the absence of signal) is not adequate to describe DIAL 
measurement accuracy and must be replaced by an expression which includes the 
random coherent (speckle) noise within the signal (refs. 2, 3, and 4). A com- 
prehensive DIAL computer algorithm (ref. 5) is modified to include heterodyne 
detection and speckle noise. Results of a parametric study are presented and 
comparisons with direct detection are discussed. Examples are given for mon- 
itoring vertical distributions of O^, H^O, and NH using a ground-, aircraft-, 
or Shuttle-based pulsed tunable CO^ laser DIAL system. 

ANALYSIS OF DIAL SENSITIVITY WITH HETERODYNE DETECTION 

The expectation value P of the number of measured photons from one coher- 
ence area of a scattering cell at range R of length Ar is 

P = ej, /R _ 2(5 + ap)dr (1) 

hVR^ 

where f| = detector efficiency, F = optical efficiency, E = laser energy, 

3 = 180° backscatter coefficient per length per steradian, Ar = cell length = 

T = integration time, V = frequency, A = transmitter area (= receiver area for 
heterodyne system with single detector) , ^ = extinction coefficient (total 
minus that of measured gas), 0 = absorption coefficient of measured gas, and 
p = density of gas being measured. 

In differential absorption, measurements are made of two frequencies 
selected to maximize signal and differential absorption of the species being 
neasured while minimizing interference effects. The double ratio of signals at 
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adjacent scattering cells at two frequencies yields information about absorp- 
tion in the region between the scattering cells. 


^2 

/ (pAa)dr = In 

^1 
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V 12 21, 


+ In 


^ ^12 ^ 2l ' ' 

,^11 ^ 22 y 


^2 

- 2/ (AC) dr 

^1 


(2) 


where P^j = expectation value of measured return from cell j at frequency i. 
3j^j = backscatter coefficient from cell j at frequency i, Aa = absorption 
coefficient difference between frequencies 1 and 2, AC = extinction coeffi- 
cient difference between frequencies 1 and 2 (not including gas being measured) 
i = 1 or 2 frequencies on or off absorption line, respectively, and j = 1 or 2 
for distances and R 2 , respectively. For scattering cells of equal length 
the resolution length R 2 - Rj equals the scattering cell length Ar. The term 
3i2 321 

a — ~~a — is a correction term due to changes in backscattering with fre- 

Pll P 22 R2 , 

quency across scattering cells. The term 2/ (AC) dr is a correction due to 

Rl 

interferent species. Variation in backscatter and interferent absorption at 
the two frequencies will result in biases in the inferred concentrations. 

These biases can be reduced by careful frequency selection and partially cor- 
rected by using a priori information and avixiliary measurements. For an opti- 
cally thick species, a series of "on" frequencies is required to maximize sensi 
tivity at various altitudes. 


The random error in p, which is calculated assuming that signal plus 
background are measured during each pulse and that background is measured 
between pulses and subtracted, will depend on the random error in the measure- 
ment of ^i j • The uncertainty in the inferred concentration (6p)2 is given by 

(3) 


where N is the number of pulse pairs per measurement and SNR is the single 
pulse signal-to-noise ratio. For heterodyne detection, the major errors in 
Pj^j are due to quantum noise in the local oscillator and fluctuation noise in 
the return signal. 

The heterodyne signal-to-noise ratio for a single coherence volume 

^i j 

— is limited to 1.0 due to the speckle noise in the return signal. The 

Pj^j + BT 

number of coherence lengths per scattering cell is BT. The number of coher- 
ence areas viewed by the detector is M, where M is the ratio of receiver to 
transmitter area. For heterodyne detection an individual detector is required 
for each coherence area. The single pulse signal-to-noise ratio for determin- 
ing the signal from a scattering cell is then 

P. . 

SNR = TT — /bTM (4) 

P . + BT 

ID . 


= (5^) I j 
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(SNR) ^ . 


+ system error terms 
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where BTM is the number of statistically independent samples from a scat- 
tering cell for a single pulse. The post-detection bandwidth B is con- 
strained by matching with pulse duration (B < 1/Tp) and by the width of 
atmospheric spectral lines. The integration time T is constrained by verti- 
cal resolution requirements. Neglecting the system error terms, the random 
error in density for heterodyne detection with bandwidth B, integration time 
T, N pulse pairs, and M coherence areas with one detector per coherence 
area is 


(6p)^ 


1 

(2AaAr)^ 


2 2 
E E 


P. . + BT 
J-3 


i=l j=l 



/BTNM 


(5) 


For N pulse pairs and M detectors , the SNR - — /BTNM is maximized 
^ P^j + BT 

for a given total laser energy per measurement NKP^j) when the laser energy 

per pulse per detector is selected so that P^j ~ BT. For that condition an 

approximate solution to equation (5) is 






( 6 ) 


This equation illustrates that 6p is independent of p and proportional to 
1/Ao within the constraint that the two-way integrated absorption through the 
atmosphere does not limit P^j to less than BT. Equation (6) also indicates 
the strong effect of range resolution on measurement error. The number of 
pulse pairs required to maintain a constant measurement error is proportional 
to the inverse cube of the range resolution. 


COMMENTS ON DIRECT DETECTION 


Direct detection can have advantages over single-detector heterodyne 
detection when signal levels are high since direct detection allows averaging 
over multiple coherence areas with a single detector. The major disadvantage 
of direct detection is background noise which is limited by optical filters 
('t 10^^ Hz) compared with the electronic filters (10^ to 10^ Hz) for heterodyne 
detection. Reducing the background noise by reducing the field of view will 
result in an increase in speckle noise. 


The direct detection signal-to-noise ratio can be written as a function 
of M, the number of coherence areas, and the total direct detected signal 
p£j = liPj^j. The SNR for direct detection (assuming zero detector noise, 
ref. 3) is 


<S'*«DD 


p r . /bt 

^ 3 

( p'' bt + (GDMT)BT + 



(7) 
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Equation (7) includes a speckle term Pij /M, a Poisson term P^jBT, and a 
background term (GDMT)BT. In equation (7), G is the background signal in 
detected pho ton s/se c/Hz per coherence area, M is the number of coherence 
areas, and D is the bandwidth in Hz of the optical filter. Maximization of 
the direct detection SNR with respect to the number of coherence areas occurs 
when M is selected so that the background and speckle terms are equal : 


(SNR) 


DD max 


/btm 


with 


M 


P. . 

/gbd t 


( 8 ) 


For this condition, the criterion for direct detection SNR to exceed the 
single-detector heterodyne large signal SNR of v-'^T is for P^j >2 T/gbd. 


SENSITIVITY ANALYSIS FOR DIAL MEASUREMENT USING 
HETERODYNE DETECTION WITH A SINGLE DETECTOR 

A comprehensive computer algorithm is used to calculate the expectation 
values of P^^ . for various measurement conditions. Pressures, temperatures, 
and gas speciis densities are input from a midsummer midlatitude atmospheric 
model- Trace gas species densities can be modified using card inputs. Line 
absorption parameters are accessed from a comprehensive data base. Sources 
for line data are given in reference 6 . At each altitude, molecular absorptioi 
at and \>2 is calculated for each species by summing contributions from 

absorption lines in the vicinity of the laser frequency. Lorentz , Voigt, or 
Doppler line shapes are used at appropriate altitudes. Water vapor continuum 
absorption is added to the line absorption. Extinction due to particulate and 
molecular scattering is summed with molecular absorption at each altitude to 
give the total loss in each scattering cell. The integrated two-way loss is 
calculated by summing contributions from altitude layers between the laser and 
the cell being considered. The backscattering coefficient B is calculated 
by combining a Rayleigh tem, which is small at infrared frequencies, and a Mi^ 
term. Mie backscatter and extinction for the cases shown here are calculated 
using parameters of Deirmendjian's Haze L size distribution (ref. 7). The 
vertical aerosol distribution is based on reference 8 with a ground level 
concentration (350 particles/cm^) corresponding to a 23-km visibility. 

Figure 1 shows the Mie contribution to the voliime backscatter coefficient used 
in this study as a function of altitude for V = 927.61 cm“^. 

For all simulations presented, the overall system efficiency, which is 
the product of optical and quantum efficiency, is set at 12.5%. The system 
errors due to amplification and digitization are set at 0.1%. For aircraft 
and ground-based cases, telescope area is 0.1 m^ and bandwidth 10® Hz; for 
Shuttle cases, telescope area is 1 m^ and bandwidth lo”^ Hz. Bandwidths have 
been constrained by atmospheric line parameters and by laser limits. Pulse 
energies are selected within practical laser constraints to match signal to 
bandwidth and the number of pulse pairs N is adjusted to obtain reasonable 
measurement accuracy. The "on" and "off" frequencies have been selected to be 
within the range of a single rare isotope multiatmospheric CO laser line. Us 
of rare isotope lines minimizes interference by atmospheric 08 ^ and use of 
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closely spaced "on" and "off" frequencies minimizes error due to variations in 
backscatter and interfering species absorption. 


Figure 2 displays concentration in STP-ppb and measurement error in 
the same units versus altitude for measurement from Shuttle at 250 km. The 
pulse energy is 5 joules per pulse with 1000 pulse pairs per measurement. 
Telescope area is 1 m^ , bandwidth is 10^ Hz, resolution is 1.5 km below 30 km 
and 3 km above 30 km. Simulations are for an "off" frequency of 1058.01 cm“l 
and "on" frequencies of 1058.17, 1058.11, and 1058.19 cm“^. It should be 
noted that a fine tuning of the "on" frequency results in a sharp variation 
of altitude at which the best measurement can be accomplished. 

Figure 3 displays ozone concentration and error in STP-ppb for a measure- 
ment from aircraft at 10.5 km looking either upward or downward. Pulse energy 
is 0.05 joules, telescope area is 0.1 m^ , bandwidth is 10® Hz, and "on" fre- 
quency is 1058.20 cm . In the case of aircraft measurements the "on" frequency 
selection is simplified since the signal does not have to pass through the ozone 
bulge. Two cases are presented in order to illustrate the strong influence of 
range resolution on number of pulses required for a measurement. The solid er- 
ror line is for 3000 pulse pairs with a resolution of 0.5 km below 6 km, 1 km 
from 6 to 10 km, and 3 km above 10 km. The dashed error line is for 100 pulse 
pairs with a resolution of 1.5 km. The errors are nearly identical at low al- 
titude, which is expected (see equation ( 6 )) since the number of pulses has been 
increased by approximately the cube of the inverse of the range resolution. 

Figure 4 displays NH 3 concentration and error in STP-ppb for 300 pulse 
pairs with operation from Shuttle at an altitude of 250 km with 1 joule per 
pulse and from aircraft at an altitude of 10 km with 0.05 joules per pulse. 

Since NH 3 is not heavily attenuated, only one set of frequencies is required. 

The resolution for both cases is 1.5 km. 


Figure 5 displays NH 3 concentration and error in STP-ppb for a ground- 
based measurement. The vertical NH 3 distribution is the same as shown in 
figure 4. For this case, the telescope area is 0.1 m^ , bandwidth is 10® Hz, 
"on" frequency is 927.32 cm~^, and "off" frequency is 927.61 cm“l. The error 
curves are for a range resolution of 1.5 km using 300 pulse pairs. The two 
error curves are for laser energies of 0.05 J and 0.5 J. Note that for the 


cases in which E = 0.5 J, the large signal limit 


1: 


P^j + BT 


is achieved 


throughout the entire measurement range and therefore the error is nearly 
independent of altitude. 


Figure 6 is for the same conditions as shown in figure 5 with the excep- 
tion that the NH 3 concentration has been reduced by a factor of 5. The error 
is plotted only for the E = 0.05 J case. Comparison of figure 6 with the 
0.05 joule curve in figure 5 illustrates the effect of concentration on 
measurement error. At low altitude, Pj^j >BT and the measurement errors are 
independent of concentration. At higher altitudes Pj^j <BT and the increased 
integrated absorption at the higher concentration (fig. 5) results in an 
increased measurement error for that case. These NH 3 distributions are 
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typical values from Langley Research Center ground-based infrared heterodyne 
radiometer measurements (ref. 9) . 


Figure 7 displays percent error in measurement of water vapor concentra- 
tion versus altitude for measurement from 250 km for a midsummer, midlatitude 
water vapor distribution. Measurement conditions are 1 joule per pulse, 100 
pulse pairs, 10^ Hz bandwidth, and 1 m^ telescope. Two "on" frequencies are 
used at 948.25 and 948.30 cm~^. The "off" frequency is at 948.35 cm“^. Trop- 
ospheric water vapor is particularly amenable to measurement from space since 
the concentration rapidly increases towards the ground. Thus, absorption is 
high at low altitudes and the integrated absorption from space to low alti- 
tudes is relatively low. For measurement of water vapor at higher altitudes , 
the number of pulses would have to be increased. 


CONCLUDING REMARKS 

High vertical resolution measurement of atmospheric trace species can be 
achieved using CO^ laser DIAL with heterodyne detection. This study indicates 
that maximum sensitivity at minimum laser energy per measurement requires 
multiple pulse operation with the energy per pulse selected so that the measure' 
photon rate is approximately equal to the detector IF bandwidth. Measurement 
sensitivities can be maximized and interference effects minimized by fine ad- 
justment of measurement frequencies using the tunability of high-pressure laser 
The use of rare isotope lasers minimizes loss due to CO^ atmospheric absorption 
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P, in ^sr ^ 


Figure 1.- Aerosol volume backscattering coefficient as a function of 

altitude for V = 927.61 cm“^. 
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Figure 2.- Ozone measurement from 250 km. 
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ALTITUDE IN KILOMETERS 

Figure 3.- Ozone measurement from 10.5 km. 
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Figure 4.- NH^ measurement from 10 and 250 km. 
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Ar = 1.5km 

Figure 5.- NH^ measurement from ground for E = 0.5 and 0.05 J. 



Figure 6.- NH^ measurement from ground for E = 0.05 J. 
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Figure 7.- Water vapor measurement from 250 km 






HETERODYNE SIGNAL-TO-NOISE RATIOS IN ACOUSTIC MODE SCATTERING EXPERIMENTS 


William R. Cochran 
Youngstown State University 
Youngstown, Ohio 


SUMMARY 


A study has been made of the relation between the SNR obtained in 
heterodyne detection of radiation scattered from acoustic modes in crystal- 
line solids and the scattered spectral density function. It is shown that 
in addition to the information provided by the measured frequency shifts and 
line widths, measurement of the SNR provides a determination of the absolute 
elasto-optical (Pockel's) constants. Examples are given for cubic crystals, 
and acceptable SNR values are obtained for scattering from thermally 
excited phonons at 10.6 microns, with no external perturbation of the sample 
necessary. The results indicate the special advantages of the method for 
the study of semiconductors. 


ANALYSIS AND DISCUSSION 


The ratio of mean square signal current to mean square noise current 
obtained at the frequency f when laser radiation of frequency Vq is mixed on 
the Surface of a photoconductor with a spectrum G(v) can be expressed 
(ref. 1) in the form 

|=TlG(v^±f). (1) 


G is expressed in numbers of photons per second per frequency interval into 
a coherence area and p is the photoconductor quantum efficiency. If I^^ 
represents the number of electrons produced per second by light with 
frequencies in a bandwidth Av and solid angular spread ^ falling on area A, 
then 

G(v) = ^1^^ (2) 

AflAv 

II is the total energy incident per second, P, divided by the energy per 
photon, multiplied by the number of electrons produced by one photon, i.e.. 


I 


1 


Zn 

hv 


(3) 


If the source of P is the scattering of laser radiation from acoustic 
waves or phonons propagating through a crystalline sample, then equation (1) 


569 



can be written in the convenient form 


-§. = p ^s|^o Ai A. 
N A n hv Av 


(4) 


where represents the total power incident on the sample, Pg the total 
scattered power, and Av the width of the scattered line. The scattering of 
radiation by propagating thermally excited phonons in crystalline solids has 
been analyzed by Born and Huang (ref. 2) , specialized for birefringent 
crystals by Gammon and Cummins (ref. 3), and for cubic crystals by Benedek 
and Fritsch (ref. 4). For small angles the power scattered^into solid angle 
at the point R by the acoustic fluctuation of wavevector K is related to 
the autocorrelation function of the scattered field, 

Pg(K,R) = <[E(K,t)l^ R"n, (5) 

where (ref. 4, equation 46) 


\ 


E(K,t) 




V 


kT 

P 


h=i y (K) 


( 6 ) 


Here y denotes a particular acoustic mode (y = 1, 2, 3 for cubic crystals), 
(jQ^ the frequency of mode y, V the scattering volume, the dielectric 
constant, and p the density of the sample. A is in effect a weighting 
factor which determines the relative intensity of the radiation scattered by 
mode y, and is itself determined by the absolute elasto-optical constants. 

If the illuminated volume of the crystal is written as V = LAj^, where A^ is 
the cross-sectional area of the incident beam and L the scattering length, 
then for mode y 


where 


P=/P 

S' o 




P 

o 


C 

8tt 


E ^ 


A. . 

1 


(7) 


( 8 ) 


The final expression for the SNR can then be written 



'0 LkT 
hAp 



V 2 

y 


Av 


(9) 


For a given experimental configuration all quantities in this expression are 
known except Av , A, and v . Av^ is directly observable, while vy is deter- 
mined by the measured frequency shift of the scattered radiation for a given 
scattering angle (ref. 5). Thus a measure of the SNR allows A to be found, 
which in turn leads to values of the absolute elasto-optical constants. For 
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example, inverting the relation between, the elasto-optical constants and the 
given by Benedek and Fritsch (ref. 4), and using numerical values for 
scattering at 3° from acoustic waves propagating in the fllO] plane of 
potassium chloride (the elastic constants are needed in the calculation) , ' 

results in the relations for the elasto-optical constants p , p , and p 

11 12 , 44 - 

p^^ =2 5^ - 56.8 + 1.72 

p = 1.72 - 56.8 (10) 

1 2 

p = 2 - 113.6 + 1.43 

4 4 

Potassium chloride is one of the few substances for which the absolute elasto- 
optical constants are known (ref. 6) , and substitution of the known values 
into equations (9) and (10) result in an expected SNR of 4.6 for scattering 
of 40 watts of 10.6 micron radiation from the longitudinal (p = 3) mode. A 
value of 0.4 has been used for the quantum efficiency for purposes of calcu- 
lation; in addition, an inverse square frequency dependence for sound wave 
attenuation has been assumed in order to estimate the expected line width 
(about 12 kc) , such a dependence being characteristic of relaxation phenomena 
in solids, especially in the megacycle range. 


This optimum value of the SNR will be obtained only if the distance z 
from the scatterer to the detector is related to the detector aperture radius 
b through the wavevector k according to the expression 


b ^ 



( 11 ) 


otherwise the above SNR must be multiplied by an appropriate reduction 
factor (ref. 7). For a detector of 3 mm diameter the optimum SNR would be 
obtained for a source detector distance of 1.3 meters, a typical experimental 
configuration . 


Thus a careful determination of the SNR provides a unique method for 
obtaining the absolute elasto-optical coefficients of crystalline samples, 
with no external perturbation or acoustic excitation required. The favorable 
results at 10.6 microns imply the method will be useful for the study of 
semiconductors having band gaps less than 0.12 eV, which are inaccessible to 
study by the usual optical methods. 
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